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ABSTRACT 


A study was made of possible primary oxidation-reduction 
Standards for solutions of copper(II) perchlorate in acetonitrile. 
Of those investigated ferrocene was found most satisfactory. Two 
recrystallizations of commercial ferrocene from heptane followed 
by sublimation under vacuum gave material of 100.0% purity. 
Ferrocene was found to be stable and nonhygroscopic in air under 
normal laboratory conditions, to be oxidized stoichiometrically 
and enaplakyecCOstie Terrceniumsion by hydrated copper(l 1) 

Perc lorareeingpuricied acetonitrile, ands to,eive.a suificiently 
large potentialt—break at the equivalence point in the copper(II) 
reactuon tO allow precise. determination of the end point. 

Weipht. titrations .o1 ferrocene with hydrated copper(il) 
pereh lorate in acetonitrile and of scopper(11) with EDTA in water 
GAVemsPlecisTOnS#OL autew parts) per tense tiousandsm sie 
concentrations of copper(l1) as determined by the above methods 
agreed within three parts per ten thousand when purified 
acetonitrile was used to prepare the copper(II) solutions but a 
difference of several parts per thousand was seen when technical 
grade acetonitrile was employed. This discrepancy was traced to 
Chea presencconc maou 10-4 cyanide, a previously unreported 


contaminant, in the technical grade acetonitrile used. Ammonia, 
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ammonium acetate, acetamide, acrylonitrile, and acetic acid, 
DeevlOus yy ereported contaminants im technical grade acetonitrile, 
WoPeeshOwn not GOmINterrerc in the copper(11)-ferrocene reaction 
at the concentrations usually found in acetonitrile. 

Hydrate dmcopper (ii )jiepench loratepinitechnicalserade 
acetonitrile, standardized with ferrocene, was shown to be a 
Suitable titrant for the determination of several alkyl and 
MONOaAcvINCemMIiNatiVeson Lerrocenemmslnerderivatives were 
generally reversibly oxidized, and differential potentiometric 
Citrotvons1i0m severalimixtures tof derzvativesiscould besperformed. 

SOMMEEONS NO Hehe rGoceiemin acetonitrile were found to 
besstable vat thervpart per thousand) level in air for several 
days. Therefore, ferrocene can be used as a reducing titrant 


of moderate strength in this solvent. 
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CHAPTER I INTRODUCTION 


The vOee majority of chemical reactions in solution use 
water as the solvent. The availability, high dielectric constant, 
ease of purification and handling, stability, and solvating 
ability of water for a large number of substances have made it at 
present the most important solvent. However, several of the 
properties of water are undesirable for many chemical systems. 
Foreexanmple > sic levels strong acids and bases to the strength of 
the hydronium and hydroxide ions, causes hydrolysis of many 
compounds, is not stable toward many reaction intermediates such 
as free radicals, and cannot dissolve many substances, in 
particular nonpolar organic compounds. Therefore, both organic 
and inorganic nonaqueous solvents and melts are increasingly 
being employed to overcome these disadvantages and extend the 
range oLechenical study in solution. 

Analytical applications of nonaqueous solvents have been 
fimitedSfor the moSt part to acid-base reactions, solvent 
extractions, and chromatographic processes. These solvents 
have been applied recently to electron-transfer, or oxidation- 
reduction, reactions as well. Polarography has been used in the 
MagOrtcymOLeuiesc investigations!-$, Potentiometric oxidation- 
reduction titrations also have given information on reaction 


stoichiometries and have made possible the analytical 
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determination of oxidizing and reducing agents. 

In a recent review of oxidation-reduction titrations 
in nonaqueous solvents4, acetic acid was mepoLuedstonper the 
most common solvent. Tomicek and coworkers, using anhydrous 
acer LCeaCtduas solventjeandadetecting end points 
potentiometrically with platinum and calomel electrodes, 
examined bromine, chromic acid, sodium permanganate, iodine 
monochloride, and lead(IV) acetate as oxidants for a number 
of organic and inorganic substances”. They also studied the 
reducing agents sodium dithionate, vanadyl acetate, arsenic(III) 
eiforide, pyrocatecnol,. and) tin(i]) chloride,” "The rates of 
electron-transter reactions in anhydrous acetic acid, with its 
low dielectric constant (e = 6.2), were found to be slow and 
therequrvalence points uncertain. “lhe addition of a strong 
acid or base increased the rate of reaction, apparently through 
Catalytic action. 

Reviews of polarography in nonaqueous solvents indicate 
that acetonitrile (e = 36), dimethylformamide (ec = 37), and 


ime 


47) are, popular Solvents -~ Of these 


dimethylsulfoxide (e 
three, acetonitrile appears to have the most desirable 
properties. Some of its properties are compared with those of 
Water and aceticracid in Mable I79 A) moderatemdielectric 
constant of 36 allows dissolution in acetonitrile of many 


nonpolar organic compounds as well as a number of salts, at 
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Pivsucals Properties of Watén; 


Acetic: Acid, and Acetonitrile 


Property 


Boslane Point Wy G) 
Freezing Point (°C) 
DiclectruceConSitantee cos G 
Density (g/cm”), 25-C 
Viscosity (Centipoise) 
Dipole Moment (Debye) 


Heat of Vaporization at 
Boiling Point (Kcal/mole) 


Spectral Cut-off Wavelength 
in Ultraviolet) (ny) 


Potential at Which 
Oxidized’ (V vs. aq. SCE) 


Potential at Which 
Reduced (V vs.aq. SCE) 


Autoprotolysis Constant 
(pK), 25°C 


Coefficient of Cubic 
Expansiong (pein € Digee Oy C 


Recommended Maximum Limit 
of Vapor Concentration 


in Atmosphere (ppm) 


Vapor Pressure (mm Hg), 25°C 








Water Acetic Acid Acetonitrile 
100.0 118.2° vee 
0.0 16.6° 245.7! 
78.548 623 36.08 
0.99702 1.04374 0.776719 
8 1] 10 
oes meal Oley enay 05545 5p 0, 
1.848 0,831 Cary 
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-0.66023 mest? yee 
14 14,4516 >33r/ 
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least at low concentrations. Being a polar Lewis base‘, 


acetonitrile solvates cations moderately well, though not as 
well as water. It does not solvate most anions well, however, 
andathisyreducesPthessolubidaty, of salitsse Saltsiofsdarge 
symmetrical or polarizable univalent anions, because of the low 
charge density on the anion, have small crystal lattice energies 
andviares moreysolubleian acetonitrile. Thesstability: of 
acetonitrile toward oxidation and reduction is high, so 
powerful oxidizing and reducing reagents may be employed in 
thisssolvent« 

pevereleproceduresstorgpurids cata onyof, acetonitrile 


12,20-22° It has been found that the solvent 


have been proposed 
Wsestaple?: formseveralsweeks;atter purification. , Water, is*taken 
Uperccdllyepys thespures solvents however and! keeping: thegwater 
concentration below millimolar levels requires special 
Die cCauts Os we) lnGetomci tyliseless@thansthatvoteacctrca acid: 
These properties make it a useful solvent for oxidation- 
reductions studiesissthe:yhygroscopicity masithe-mostydifficult 
problem. 

Raowand| Murthyeweres the’ firsts toustudy eacetonstrile 
asiax,solvent for oxidation-reductiion reactions. »They? used 
ammonium hexanitrocerate as an oxidant for the determination of 


Be : : : 
hydroquinone**?2*, potassium iodide>, ascorbic acid’, oxalic 


Bs AON) 


acid’°, and xanthate The potentials were followed by a 
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platinum indicating and a glass or antimony reference 


electrode?>?>»26, The visible indicators ferroin, 


diphenylamine, methyl red, Janus Green‘, andatne, colorgot 


cerium(IV) itself’ 


also were used with reasonable success for 
hydroquinone and xanthate. Most of the titrations were not 
done in pure acetonitrile, but in acetonitrile-acetic acid 
mixtures of unspecified composition. The acetic acid was added 
fopacceleratemereacti0n ratesmeResultsiwereinearlyuquantitative 
in most cases. The formal reduction potential of the 
nitratocerate-cerium(III) couple in pure acetonitrile was 
measured by these authors and was found to be 0.755V vs. the 
stiver-020 IMgsalvermnitrate) dnsacetonitrile, reference electrode-®. 
dhegrormalyreducti ons potential ofthis couple in’ acetonitrile 
pnereased. wathpadditaonpofeaceticeacid untal othe ratio.wofacid 
Loscerium reached) l000g¢atethis) point, thes,potential became 
Steadye2ted S/5Vavse the silvergreference.» Thisginereasegin 
potential was found by spectral measurements in the ultraviolet 
to be caused by the formation of cerium(III)-acetate complexes. 
Recently iron(III) perchlorate has been examined as an 
oxidizing agent in acetonitrile??. The formal reduction 
potentialj of theiiron(iid)-({11) couplesin dry acetonitrile as 
1.57V vs. the silver reference; therefore, iron(III) is a very 


strong oxidizing agent in this solvent. However, minute amounts 


of water greatly lower the formal reduction potential of the 
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couple ands decrease the oxidizing efficiency wf the iron(II) 
to, less than 100%, the exacts value depending on the 
reduction potential of the species being titrated. In addition, 
it has been reported that iron(III) chloride oxidizes 
acetonitrile”, 

silver(i1) nitrate in acetonitrile has been found to 
be a strong oxidizing reagent, able to oxidize quantitatively 
copper( ly) to copper(II) °. However, Silver(II) is unstable 
EOWercd traces Of Water in acetonitrile, so its utility is 
limited to use as a coulometrically-generated reagent. 

Inpthe lasG tew years copper(il) perchlorate has been 


52-36 | Initiai 


studied as an analytical oxidant in acetonitrile 
polarographic work showed that the copper(II)-(1) and 

Coppell) -(U) couples are sufficiently separated to give two one- 
electron reductions of copper(II) in acetonitrile”’, as 
compared to a single two-electron reduction in water. Thus 
copper(I) appears to be stabilized by acetonitrile. Hathaway 
Suggests that copper(l) 1S coordinatedsto, four acetonitrile 
molecules in solution as well as in its salts”°. DUC=LOS tis 
difference in solvation, the reduction potential in 
acetonitrile of the: copper(il)—(1) ‘couple vs. the (sa lver-0501M 
SELVer Nitrate 11) acetoniorule Gererences1s 0.801V>>, a value 


1.27V higher than that of the copper(I)-(O) couple??, Copper (II) 


perchlorate has been used to oxidize quantitatively selected 
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and arylamines””, hydroquinone” , 1odide 


36 


thioureas 52,56 


and potassium ethyl xanthate It was found that copper(II) 
nitrate and copper(II) chloride were weaker oxidizing agents 


38,41 


invacetonitrile than the perchlorate salt Addition of 


sodium perchlorate increased the copper(II)-(1I) reduction 


a Solutions of 


POteNtia we OumNe nitrave and chloride salts 
copper(I!l) perchlorate in acetonitrile are stable, and are easy 


to standardize, prepare, and use at the few parts per thousand 


level. 


Standardization to better than a part per thousand has 
not been possible as yet, however, because primary standards for 
aqueous oxidation-reduction titrations have not been applicable 
to the copper(II)-acetonitrile system. The purpose of this work 
was to find a suitable primary standard for copper(II) solutions. 
An additional goal was to establish the precise stoichiometry of 
an electron-transfer reaction in acetonitrile in order to 
determine whether analytical results of precision and accuracy 


comparable to those in water could be obtained. 
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CHARTER ET FERROCENE AS A PRIMARY STANDARD FOR SOLUTIONS OF 


HYDRATED COPPER(II) PERCHLORATE IN ACETONITRILE 
Background 


Although acid-base reactions in nonaqueous solvents 
have been studied to a greater extent than those of oxidation- 
Tequction, the disparity 1s probably not merited, .for the use 
of nonaqeous media enables the range of electron-transfer 
reactions to be extended greatly. The number of nonaqueous 
solvents is so great and their physical properties so varied 
that the amount of work possible, both theoretical and practical, 
is almost unlimited. To be useful as media for oxidation- 
reduction reactions, nonaqueous solvents should (1) be stable 
foWarcetive) oxida! zing sangsrequcing avenes used, (2) be able to 
KecOstOULC react antse in SOlUtION. Since with few exceptions one 
or more of the reactants or products will carry a charge, and 
(3) ei thew benaval lable sin Staplespure form, Opleasi ly at reated 
to remove interfering impurities. Also, for convenience the 
solvents should have a useful liquid range (liquid at room 
temperature without an excessively high vapor pressure) and 
low toxicity. 

Anhydrous acetic acid has been the most commonly used 


solvent for electron-transfer reactions‘, though acetonitrile 
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has considerable advantages over this solvent as a medium for 
oxidation-reduction reactions (Table I). As previously 
mentioned, copper(II) perchlorate has been used as an analytical 


oxidant in acetonitrile for several species>*7" ©, 


Although 
copper(II) solutions in acetonitrile are prepared easily and 
are stable, a method for determining the redox titer to better 
than a part per thousand has not been established. Copper(II) 
perchlorate is too hygroscopic to be weighed directly. 
Generally an aqueous titration with EDTA has been used to 


standardize the copper(II) titrant? >>> »%6 


, but it was feared 
that complexation by EDTA in water might be susceptible to 
factors Other thanativose jartecting the oxidizing ability of 
copper Gul mingacetonitrile siiherctoresstitrations using 0:09M 
hydLatedscopper(il je perchlorate ain technical "erade acetonitrile 
as titrant on an automatic recording titrator were performed 

to survey possible primary-standard reducing agents for 
Copper eperciiloravers Inwaceconitrile, 

The common primary-standard reducing agents, used in 
water, sodium oxalate, potassium ferrocyanide, ferrous 
ethylenediammonium sulfate, and erenie (in oxide were not 
Sutticiently soluble in acetonitrile to be titrated.) Oxalic 
acid dihydrate, though soluble, immediately formed a light 
blue-green precipitate on addition of copper(II) in acetonitrile 


that did not dissolve after five hours in a solution containing 
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amteneper Cent excesssotecopper(11).; This behavior is similar 
to that of cerium(IV) with oxalic acid in acetonitrile, in 
which a precipitate of cerium(IV) oxalate forms. However, in 
the latter case, after ten minutes in a ten per cent excess of 
cerium(IV), carbon dioxide and cerium(III) are produced 
quantitatively2®, 

Potassium iodide, a useful standard in water, gives two 


inflections upon oxidation in acetonitrile (Figure I). These 


inflections correspond to formation of triiodide and iodine’2>4°, 
QuCace eo aimee ee Cue + ie (1) 
2cu'* + 21° 2 2 cu + 31, (2) 


Eld-poine sevection=is not accurate enough to use™potassium 
iodide as a primary standard because both potential breaks are 
slightly drawn out and the equivalence points are concentration 
dependent (Appendix A). However, potassium iodide is acceptable 
as a standard if an accuracy and precision of one or two parts 
per thousand can be tolerated. 

Thiourea has been used previously to standardize 


34 


SOlucTons Of COpper( Ll) epercnlOratesineacouonl trie Tt 


reacts inva |: lo reatio with copper (ll) to formeasdisuliide, 
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Figure 1, Potentiometric Titration of Potassium Iodide 
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The titration break is somewhat drawn out, and the potential of 
the equivalence point is dependent on the concentration of 
disulfide (Appendix A). Additional disadvantages are that 
thiourea is somewhat unstable on storage, and that its 
equivalent weight is rather low. 

Hydroquinone has been proposed for standardization of 


25526 


cerium(IV) solutions in acetonitrile ee seox di zed py 


capper (ED) *inwaceconret ri te" to quinone: 
OH 
DeCute OU CN + £2 ut (4) 

OH 0 


The disadvantages of this compound as a standard are that the 
equivalent weight is low, the potential break is small and 
drawn out, the potential at the equivalence point is dependent 
on the hydrogen ion concentration (Appendix A), and it is 


unstable on storage. Quinhydrone was also investigated. 


O-H:-++--0 0 
I \| 

BANE & OO Se Ciaeceee O ceoHs (5) 
l Hi 
O-H:----- O 


While the equivalent weight is greater than that of hydroquinone, 
108 vs. 55, the potential break is still small and drawn out, 


the potential of the equivalence point is still dependent on 
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hydrogen concentration, and quinhydrone is difficult to purify 
and analyze. 

Of the substances investigated, ferrocene appeared the 
most promising as a primary standard for copper(II) perchlorate 


Solutions in acetonitrile. The reaction 1s 


Giie e rc ees | Con ere 


(6) 


where Fe is ferrocene and Fc” is ferricenium ion. The potential 
at the equivalence point is not concentration dependent, and 
the potential break is large and symmetric (Figure II). Some 
Ofethesphysical properties Of ferrocene are: fan.p. by differential 
thermal analysis, 175.4-175.9°C; density at 25°C, 1.516 g/cc*4; 
decomposition temperature, Le Gaae vapor pressure in mm Hg 
(T in degrees Kelvin), 19 (10.0355 - nls heat of 
sublimation ,16.29 kcal/mole””; and *soluba lity in acetonztrile, 
Ss oUewelpnt per cent (0.15M) °°, Ferrocene obtained from 
different sources was analyzed as received by titration with 
copper(1l) (lable 11) and a range of purity was observed. The 
material from Arapahoe Chemicals was selected for further 
purification and study. 

An additional reason for investigating the precision 
aidsaccuracy Of this reaction arose sirom thestactethac 


stoichiometries of electron-transfer reactions in nonaqueous 


solvents have not been established to better than a few parts 
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Figuresl1) me rotentlometric Titration of Ferrocene with 


Gopper(i1) Perchlorate in Acetonitrile 
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LaplewiI. Comparison of Purity of Commercial 


Ferrocene from Various Sources 


Purity Found 
by Copper (ITI) Rel Std. levee Lore 5 


Source Titration see Vitra tVOns a pap ts 
Arapahoe Chemicals 99.4 Oz. 
ome lemoakerechemical Co. | 25 10 
Alfa Inorganics 98.8 ey, 
Eastman Organic Chemicals Gon 17. 


Matheson, Coleman, and Bell 94,4 Zoo 





“Value taken from Table V. 
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16 
per thousand. It was therefore of interest to determine whether 
Side reactions might be occurring in reactions of copper(II) in 
acetonitrile, or whether impurities in the commercial or purified 
SOlVent might Cause errors. It was also desired to develop a 
convenient procedure for titrations in nonaqueous solvents with 


better than part per thousand accuracy. 
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‘Experimental 


Reagents. Solvents. Technical grade acetonitrile 
(Matheson, Coleman, and Bell) was either used as received or 
purified by a modification of the method of O'Donnell, Ayers, 
and Manni“, In the first Steptes2 mlyofibenzoyi\chioride 
(The British Drug Houses Ltd.) was added to approximately 2.7 
liters of technical grade acetonitrile. The mixture was 
refluxedsforgtwoehoursyithen distilled. at \asratesofsabout) 500 
mi pershourtintota flask) thet }contained)\3—to4:mioofi waterpsto 
destroy any benzoyl chloride carried over in the distillate. 
Wietias A050 itot25 0am hinutheksti lispotswerendiscarded .muAbout 
2289 Oneanhydrousas odtumgcarbonate? (Frshersscientificeco.§ 
Cértpied@iAsGys ) ewas saddedwtogtherdistiblatets Thistmixture 
was refluxed and distilled in the same manner as in the benzoyl 
chloride stép; the distillate was collected in ai flask that had 
been dried at 160°C overnight. A still pot residue of 100 to 
150 ml was discarded. To the distillate was added 32 g of 
anhydrous sodium carbonate and 48 g of potassium permanganate 
(PisheryScientifie Cox, sUSPagrade)mandeasthirdadistid lation 
performed in the same way as the second. Again a residue of 
100 to 150 ml of liquid, containing a large amount of 
precipitate, apparently manganese dioxide, was discarded. In 


this step the distillate occasionally had an odor of ammonia 
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and contained a small amount of white precipitate. 
Approximately three ml of concentrated sulfuric acid (Canadian 
Industries Limited) was added to the distillate. A precipitate 
of ammonium sulfate appeared in most cases. Several porcelain 
Berl saddles were added as boiling chips and the mixture was 
vacuum distilled below 55°C into a dry flask. The distillate 
contained more ultraviolet absorbing impurities if distilled at 
ALMmOS phen Cepressuremine thespresencesot sul turi ceacid. GOA 
residue of 100 to 300 ml was discarded. Approximately'2.5 liters 
of this distillate was distilled through a 30 theoretical plate 
column packed with glass helices at 10 ml per hour. Collection 
of the distillate was begun when the absorbance at 200 mu was 
dessethanr0.2 ingarl-cmiquartz cellimeasuredsineasUnicamesP 800 B 
visible-ultraviolet spectrophotometer. At this point the absorbance 
above 215 mi: was negligible. The absorbance at 200 mu decreased 
as the distillation progessed, and the last portions had the 
best optical purity. The distillation was stopped when about 
L0OPmimremainedeinytheestpliQpotagelhegwaterecontenteot the 
final product was shown to be less than 5 x 107 °M by Kar lehaschex 
thtration. (litrationshonthewautomaticati tratoriweresmadesusing 
technical grade acetonitrile, and weight titrations were made 
using pure acetonitrile, unless stated otherwise. 

All water used was deionized. Technical grade heptane 


(Fisher Scientific Co.) was used as received. 
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Chemicals. Commercial ferrocene was obtained 
from several sources (Arapahoe Chemicals; Eastman Organic 
Chemicals; Alfa Inorganics, Inc.; Matheson, Coleman, and Bell; 
and J. T. Baker Chemical Co.). The material from Arapahoe 
Chemicals was purified by recrystallization, sublimation, or 
recrystallization followed by sublimation. Recrystallization 
was done by saturating 200 to 800 ml of heptane at 50°C with 
ferrocene ssnarsingethestemperature of ithe solutzron to, 60 ito,65 C, 
filtering through a fine porosity (4-8u) sintered-glass filter, 
and evaporating the solvent in a rotary evaporator under partial 
vacuum while warming with an infrared lamp. A small amount of 
Dlackercsiduchwas slettyon she piisiter at thesstartang material 
was commercial ferrocene. The solution was allowed to cool 
ie mis Crystal Seor serrocenestormedys Thesewere icollected jand 
dried under vacuum at room temperature for 12 hours or more. 
The yield was 65 to 80%. Sublimations were performed under 
vacuum at 60 to 80°C on gram portions of ferrocene. Accumulated 
sublimate was removed from the water-cooled cold finger every 
20 minutes because the product was more crystalline and 
convenient to work with than when allowed to collect for longer 
periods. Collection was stopped after 80 to 90% of the material 
had sublimed. When commercial ferrocene was allowed to sublime 
to completion there was left a greyish-green residue. 


Recrystallized ferrocene, when allowed to sublime completely, 
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left a minute amount of earn mesaducws less .thany0-017.0£,,the 
Original material. The ferrocene designated pure ferrocene in 
this work is commercial ferrocene from Arapahoe Chemicals that 
was recrystallized twice from heptane and sublimed once. 

‘Two batches of hydrated copper(II) perchlorate were 
used. The first was obtained conmercrallyai(Gln Pea snath 
Chemical Co.). The second was prepared by the addition of a 
Siiehitwexcessroi /02eperchl ori chacide(d .~i.yBaker Chemical) Co.) 
to a suspension of copper(II) carbonate (Fisher Scientific Co., 
Certified Reagent) in water, followed by boiling to drive off 
carbongdtoxide and to) concentrate thessalt in solution. The 
hydrated copper(II) perchlorate crystals that formed on cooling 
were collected and dried at room temperature under vacuum. About 
IgpopKer or thessaltewassprepared: silhes copper contentwoi this 
material was determined by EDTA titration with murexide as the 
indicator, and perchlorate was determined by reduction to chloride 
folfowedaby tatratilonyofethey chlorideswith silver nitrate474, The 
spectrophotometric method for determination of perchlorate by 


Erez eAbbinks land Campbe11*” 


couldsnot»beyusedsbecausescopper (11) 
interfered. conperuaa) alsovintenferédsane thers determination) of 
water in the product by Karl Fischer titration. Attempts to 
eliminate the copper(I1) interference by eoioenticn with EDTA 


were unsuccessful. The acid content was estimated by measurement 


of the pH of several aqueous solutions of the prepared salt. 
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Aqueous acid-base titrations of the prepared salt were not 
feasible because of the formation of copper(II) hydroxide. 
Qualitative tests of the salt for ‘bicarbonate, carbonate, 
sulfate, nitrate, and the halides were negative’®, Results of 
carbon-hydrogen analyses were too uncertain to make a positive 
Statement about the presence of carbon-containing impurities, 
although they appeared to be absent, or the amount of hydrogen 
presents With the®assumption*that’ the only acid present™is 
perchloric acid, the overall analysis corresponds to the formula 


Cuero -6.1 H,0°0.01 HC10,. Except where specified; this 


42.00 
salt was used for all subsequent work. 

Petrakws (acetonieriley copper tl) pereh lorate*was 
prepared by adding excess copper powder (Allied Chemical) to a 
SOlUurOnVoL nydratcdrcopper tl! )*perch loratevin -aceconrt ri les 
allowing the reduction of copper(II) to go to completion, as 
indicated by the *disappearance of the blue color, frltering* off 
the excess copper powder, evaporating the solution to 
concentrate the copper(I) salt, cooling, then collecting and 
drying the salt under vacuum at room temperature overnight. 
The salt was analyzed by oxidation of portions to copper(II) 
with nitric acid followed by titration of the copper(II) with 
EDTA. ‘Thé@salt®was*found®to be 998s spure; ethesimnpurity 1s 
probably acetonitrile. (Safety precautions must always be 
exercised when handling perchlorate salts.) | 


The disodium salt of EDTA (British Drug House Ltd.) was 
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recrystallized from ethanol-water solution according to the 
method of Blaedel and Knight” and dried overnight at 80°C. 
Rotass7ume1Odides(fisheusacitentitic Co.) Certified A.C.S.) was 
recrystallized several times from water containing a slight 
amount of hydriodic acid, then dried under vacuum at 200°C for 
l0*hours. “Hydroquinone (Fisher Scientific Co., Purified) and 
thiourea (Fisher Scientific Co., Certified Reagent) were 
recrystallized once from 95% ethanol and dried 8 hours under 
vacuum at room temperature. Quinhydrone (Eastman Kodak Company, 
White Label) and oxalic acid (Allied Chemical, Reagent A.C.S.) 
were used as received. Murexide (J. T. Baker Chemical Co.) was 
mixed with sodium chloride (Fisher Scientific Co., Certified 
A.C.S.) to give 0.1% by weight murexide and this mixture used 
as the indicator. Commercial nitric acid and ammonium hydroxide 
(Canadian Industries Ltd.) were used as received. Copper wire 
(Canadian Laboratory Supply, 20-gauge) was cleaned with emery 
Pape UStebefore! use.» Forsthessalt bridgesand reference 
electrode, anhydrous lithium perchlorate (G. Frederick Smith 
Chemical “Go s)*andsilver nitrates (hisher Screntimve Go. , 
Purified) were used as received. Aqueous sodium sulfate was 
prepared from anhydrous sodium sulfate (Allied Chemicals, A.C.S.). 
FOrethesseudies -OL sthe impurities eins cechiical wo rade 
acétonitrile, acrylonitrile (British Drug House Ltd.), acetic 


acidé(Canadian Industries Ltd.) , “acétamide (Allied Chemicals) , 
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lithium acetate dihydrate (Matheson, Coleman, and Bell), 
ammonium perchlorate and potassium cyanide (Fisher Scientific 
Co., Certified Reagent) and ammonium acetate (Mallinckrodt 
Chemical Works) were used as received. For polarographic 
Studies lithium perchlorate and sodium perchlorate (Fisher 
Scientific Co.) were recrystallized from water and dried 
overnight under vacuum at room temperature. Tetrabutylammonium 
perchlorate was prepared by precipitation through addition of 
a saturated solution of sodium perchlorate to a boiling ‘aqueous 
Saturated solution of tetrabutylammonium iodide (Eastman Organic 
Chemicals, Red Label). Deaeration of the iodide solution with 
nitrogen was necessary to prevent oxidation to insoluble 
tetrabutylammonium triiodide. 

Solutions. For the weight titrations, 
approximately 0.03 molal solutions of hydrated copped (dil) 
Deucilorareein acetoniteriles(accurate Solution, concentrations 
were determined in units of mmoles of copper(II) per g of 
solution) were prepared in 1 om 2 liter amounts by dissolving 
serelone Grethessalteinepuresacetonitriles — lo .suppress 
hyarolysis*o© the copper, -apoutel oe of 70% perchloric acid was 
added per liter of hydrated copper(II) perchlorate titrant. The 
solutions were stored in borosilicate bottles with ground-glass 
stoppers. In a few specified cases technical grade acetonitrile 


was used as the solvent. Approximately 0.09M hydrated 
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copper(II) perchlorate in technical grade acetonitrile was used 
in the preliminary work and for the investigation of suspected 
impurities in technical grade acetonitrile. Because of the 
nigher concentration of copper(II), 2 ml of perchloric 

acid were added per liter of titrant to suppress copper(II) 
hydrolysis. These solutions were stored in polyethylene bottles 
with a guard tube of magnesium perchlorate and were used within 
one to two days of preparation. 

Approximately 0.03 molal solutions of EDTA (the actual 
concentration was determined as mmoles of EDTA per g of solution) 
were prepared by dissolving portions of the disodium salt in 
water and were stored in polyethylene bottles. 

Approximately 1.9-g Bertone of copper wire were weighed 
£0. the nearest microgram, dissolved in 15 ml of cold nitric acid, 
and diluted with water to 1000+0.005 g to give standard by weight 
solutions of copper ( Mie, iherconcentratiuon! of these solutions 


were also expressed as mmoles of copper(II) per g of solution. 


Experimental procedures. Titrations in the preliminary 


survey of possible standard reducing agents were performed with 
the Metrohm Potentiograph E436 automatic recording titrator in 
a 120-ml cy lindgical celle (Figures 11) selne tives ins Urumnente the 
titrant could be transferred from the polyethylene storage bottle 


to the syringe buret without exposure to the atmosphere. The 
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reproducibility of delivery of the titrant and recording of the 
volume delivered was determined by delivery of several samples 
of water. These samples were weighed and the calculated volumes 
compared to the recorded volumes. Delivery was found to be 
reproducible to +0.01 ml for all volumes in the range of 5 to 
20 ml; the amount of titrant delivered is determinable from the 
chart paper to +0.01 ml. The three-way glass stopcock provided 
on the instrument leaked when acetonitrile was used as the 
solvent even after lubrication with silicone grease; it was 
therefore replaced with a Teflon stopcock. Volumes of titrant 
from 10 to 13 ml were used in typical titrations and were 
dellivercaratmarcons tant irateto® lai miyiper wmnainute efonsthesfirst 
part of the titration, with automatic slow-down of the delivery 
Gaitcmi tlie ener ron wom ldrce mchange sini potential Oendipoimt 
Tegion). ShOmaparteperathousendsprecis1omyut was necessary to 
record the temperature of the solution and apply a correction 
tComnesvolumesor titrant used?” Tosprotect ynaterijal tbeing 
titrated from oxidation by air while in solution, the samples 
were dissolved in acetonitrile that was deaerated with nitrogen 
(Linde, Union Carbide Canada Limited) and during the titration 
nitrogen was passed over the solution. This nitrogen was first 
bubbled through acetonitrile to prevent evaporation of the cell 
solution. It was found however, that nitrogen deaeration did 


not affect the results for any of the substances investigated 
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in the preliminary survey. 

Determinations of the purity of commercial ferrocene 
from various sources were done as follows. A one-gram portion 
of the commercial material was mixed in a 20-ml weighing bottle 
to give a homogeneous sample. About 0.2-g (1.1 mmole) portions 
Of this Material were weighed into’ a cylindrical titration céll 
and dissolved immediately in 40 to 50 ml of technical grade 
acetonitrvle. »cince it) was® found thatwair*oxidation didnot 
occur to a significant extent, nitrogen purging was not 
Necessery meine ciltUration curve ZOr the 1errocene-copper( 11) 
reaction is symmetric and has a large potential change at the 
ImLeectron point. therefore thewend point was’ taken’ as that 
point of the curve equidistant from two parallel lines drawn 
tangent to the ‘curve at the potential* break region*’(Figure 11). 

Other material titrated in the preliminary survey was 
treated in ‘the same way as’ the samples of ferrocene, except 
that preliminary mixing to ensure homogeneity of the bulk 
samples was omitted, and about 1.1 milliequivalent samples were 
weighed out such that the equivalence point occurred in the 
rangewor 10) to -1s'mivof titrant.. For samples of potassium™iodide 
the equivalent weight depended on which equivalence point of 
potassium iodide (Figure I) was being examined. 

For accurate work weight titrations of ferrocene with 


copper(II) in pure acetonitrile were performed in a 120-ml 
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titration cell similar to that shown in Figure III. However, 
to allow access for titrant addition to the cell by syringe, 
the Teflon lid was removed and the electrodes were held in 
place by clamps. An Orion digital pH meter was used to measure 
the potential. Samples of ferrocene (0.5 to 0.6 mmole) were 
weighed to the nearest microgram into glass cups about 1.1 cm 
in diameter and 1.5 cm deep. The cups were covered to minimize 
loss of ferrocene through volatilization; as an added precaution 
all samples were titrated within 30 minutes of weighing. The 
cups were dropped into 40 to 50 ml of acetonitrile in the 
titration cell and magnetic stirring was begun. Approximately 
0.03 molal copper(II) perchlorate in acetonitrile was added by 
means of a 30-ml hypodermic syringe with a glass capillary tip 
attached by ean .air-tisht Tetlonswleeve,  lt.was, found necessary 
to lubricate the syringe plunger with silicone grease after 
CVveryetOUrSOG Dive titrations: tosprevent evaporation OLititrant 
and provide more positive operation. When a potential of 260 
to 280 mV vs. the silver reference electrode was reached, 
indicating that. the titration, was sabout.99 oa complete,.an 
approximately 0.003 molal copper(II) solution, prepared through 
accurate dilution by weight of the stock solution, was delivered 
from a 5-ml syringe, fitted with a standard stainless steel 
needle, to complete the titration. The syringes were weighed on 


an analytical balance before and after delivery of titrant and 
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were handled with thin cotton gloves during the titration. 
Again lubrication of the syringe plunger with silicone grease 
was necessary. After each titration of ferrocene a weighed 
aliquot of the copper(II) in acetonitrile from the stock 
solution, of approximately the same size (17 to 20 g) as 
required in the titration of ferrocene, was weighed for 
standardization. By alternately titrating ferrocene and taking 
weighed aliquots of copper(II) for standardization, errors 
caused by any systematic change such as evaporation of ' 
acetonitrile in the stock solution could be minimized. 

An expansion of potential vs. equivalent amount of 
copper(I jmat the potential break for the: ferrocene-—copper(11) 
reaction (Figure IV-A) shows that the end point can easily be 
determined by this method to within 0.1 part per thousand 
relative. Although the expanded potential break (Figure IV-A) 
was not perfectly symmetrical, the end point was determined by 
daparallel tines method hi gurerll) srather st hanuspyee fats G01 
second derivative plot. To offset the unsymmetrical character 
of the expanded potential break the point midway between two 
points on the titration curve, as determined by the parallel 
lines method for two sets of parallel lines two and six cm 
apart, was taken as the end point. The difference between the 
two points determined by the 2 and 6-cm parallel lines was 


always less than 0.005% relative to the total copper(II) used 
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in the titration. The differences in the end point volumes for 
end points determined by the parallel lines method and those 
determined by the derivative methods was found to be insignificant, 
Sosthe parallel lines method was chosen for its greater 
convenience. 

The copper(II) solution in acetonitrile was standardized 
by weight titrations with aqueous EDTA. Weighed aliquots of 
the solution were evaporated to near dryness before titration 
with EDTA. Later experiments omitting the evaporation ‘step 
gave the same results so this step appears unnecessary. About 
95% of the stoichiometric amount of approximately 0.03 molal 
aqueous EDTA was added by 30-ml syringe as described previously, 
the titration solution was diluted to about 550 ml with water, 
sOmt Cm plead | USCederi ts tarOu,y. OlWithrcllutesnitric acid,» then 
to 7,520.1 with dilute ammonia. The dilution minimized 
inverrerence with thelend point by the blue color of ithe 
copper(II)-ammonia complex. The two-step pH adjustment provided 
the needed buffer and adjusted the ionic strength to approximately 
the same level as for the standard copper(II) solutions. A 
final pH) of /.5 gives the most reproducible and easily determined 
end point with murexide?!. About 0.2 g of diluted murexide indicator 
was added and the titration continued until the solution just started 
to change from green to blue-green, at which point the reaction was 


about 99.8% complete. Then aqueous EDTA, diluted tenfold by 
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weight from the stock solution, was added from a 5-ml syringe 
aS previously described until the end point, a permanent blue 
color with no trace of green, was reached. The syringes were 
used as in the weight titration of ferrocene. The aqueous EDTA 
in turn was standardized in the same manner against weighed 
aliquots of standard aqueous copper(II) nitrate solution. 
Alternation was used in the weight titration of weighed aliquots 
of the standard aqueous copper(II) and copper(II) in acetonitrile 
solutions with aqueous EDTA. By using a white background, and 
through careful matching of end point colors on successive 
weight titrations, relative standard deviations of better than 
0.5 parts per thousand were obtained routinely. 
HieepurcttysOretie COPper wire Used In preparation OL 
the standard solution was determined by electrodeposition 
according to the standard ASTM method”*. The electroanalysis 
was performed in a 300-ml lipless beaker, with a hollow cylinder 
of platinum gauze (135 em? area) as the cathode and a platinum 
gauze (60 cm” area) cylindricalselectrodewas the anode... 910 
eliminate possible errors due to inconsistency of the balance 
weights, the cathode electrode was weighed, then a 5-g sample 
of copper wire was added and both were weighed together. 
Current was supplied by a Model 6206B Hewlett-Packard DC Power 
Supply. After each run a check for complete deposition of 


copper from the solution was made by weight titration of the 
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solution with aqueous EDTA using murexide as indicator. The 
aqueous EDTA was standardized against weighed aliquots of 
Standard aqueous copper(II) which had been treated in the same 
way as the electrodeposition solution, that is, large amounts 
of nitric and sulfuric acid were added to them. Alternation 
was used as before. Though the end point color changes were not 
sharp, they were adequate for the values required. 

To investigate possible impurities in technical grade 
acetonitrile some semiquantitative titrations were performed 
One tiesaucomatrcerecording titrator. “For ’chese titrations 0. 09M 
eopper(lljyein technical *gradevacetonitrilemwas usedlas®titrant 
andescuniples= (Oso toO,0.o mmole)™ot terrocene, "with possible 
gipusteresecnded, were titraced in ’>0 ml or technical grade 
aCeCONIL Ti lem Morncesthe=wel ont érersergny Ole rerroccne= py 
copper (il)vin acetonitrile take about 20 minutes, the etitrant 
was added by the automatic recording titrator at only 0.4 ml per 
minute to give the added materials time to react with the 
copper (il) % 

Coulometric titrations were performed in a cell described 


29 with one modification; the silver reference electrode 


by R. Long 
was. separated from the 0.1M lithium perchlorate bridge solution 
by*an ultrafine’ glass frit rather than a porous  Vycor glass plug. 


Tetrakis(acetonitrile)copper(1) perchlorate was dissolved either 


in pure or technical grade acetonitrile to give the desired 
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molarity. Before addition of the sample of ferrocene, the 
solution potential was usually adjusted to a predetermined 
value vs. the silver reference by coulometric generation of 
copper(II) (Leeds and Northrup Co., Catalog No. 7960); 
occasionally a small amount of ferrocene was added before 
potential adjustment to give a more poised system. The 
potential vs. the silver reference was measured on the Orion 
digital pH meter. Ten-milligram samples of ferrocene were 
weighed as described for the weight titrations, and similarly 
were titrated within 30 minutes of weighing. A current generation 
race *of 0.043 mA was used.” Ihe data were plotted, and ‘end 
points determined by thesmethiod ofeparalleimlines asi described 
previously. 

Polarographic studies were performed with a Leeds and 
Northrup Type E electro-chemograph using a Sargent synchronous 
rotator for the rotating platinum electrode (R.P.E.). The 
perchlorate salts of lithium, tetrabutylammonium and sodium 
Were uscd ds electrolytes et 071M concentrations.) “Avsilyer 
wire in a solution of 0.1M silver nitrate in acetonitrile was 
employed as the counter and reference electrode; it was 
separated from the polarographic solution by ultrafine frits 
and a 0.1M lithium perchlorate bridge solution as shown for the 
silver reference electrode in Figure III. The solutions were 


deaerated with nitrogen before each run; during the runs nitrogen 
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was passed over the solution. The R.P.E. was cleaned with 
nitric acid, followed by 0.1M iron(II) sulfate in 1M aqueous 
sulfuric acid, and rinsed with pure acetonitrile before use. 


The concentration of acrylonitrile in technical grade 


ae) 


acetonitrile was determined by the sodium bisulfite method 
Pure acetonitrile was used as a blank and pure acetonitrile 
with acrylonitrile added was used as a standard. 

The concentration of cyanide in technical grade 
acetonitrile was determined by the procedure of Murthy and 
Viswanathan?‘ In this procedure cyanide is oxidized by 
bromine-water and the product in the presence of barbituric 
acid gives a solution whose absorbance at 588 mu is proportional 
to the cyanide concentration. The pure acetonitrile blank 
Cid NOUwabSsOub “UO Fanyo Soni fvcantitexten tilatSsoo) mt. SeSodiita ons 
of pure acetonitrile with acrylonitrile added when treated 
by this method were found to give an absorbance maximum at 
588 mu also; tests with silver nitrate showed that this 
absorbance was not due to a cyanide contaminent in the 
acrylonitrile. The absorbance produced by the acrylonitrile 
impurity in technical grade acetonitrile is only about a third 
of that produced by the cyanide impurity in this solvent. Cyanide 
added to technical grade acetonitrile gives a lower absorbance 
than the same concentration of cyanide in pure acetonitrile. A 
volume of 25 ml of technical grade acetonitrile, technical grade 
acetonitrile with potassium cyanide added, and pure 


acetonitrile with acrylonitrile added were each diluted to 100 ml 
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with water. These solutions were stirred for several hours to 
ensure equilibrium. Variations in the acetonitrile to water 
ratio affected the results, larger amounts of acetonitrile 
lowering the absorbance significantly. Two 25-ml samples of 
each of the diluted solutions were analyzed. The relative 
precision of the absorbance measurements was on the order of 

1 to 2%; absorbance readings were stable for at least 20 
minutes, 

The carbon-hydrogen analysis (Coleman Carbon-Hydrogen 
Analyzer) of the synthesized hydrated copper(II) perchlorate 
Salt, mass spectroscopy (Metropolitan Vickers MS2) of samples 
of ferrocene and heptane, and the mass, infrared (Perkins Elmer 
421) and neutron magnetic resonance (Varian A-60) spectroscopy 
OtecanpleswOLeccerontulm le were donemby the Services groups at 
EiomUidversdcyeOre.lberta. VisSiblemand ultraviolet spectra 
were recorded on a Unicam SP 800 B visible-ultraviolet 
specuropnovometer in J-cm quartz cells. 

Since ferrocene sublimes readily it was not possible to 
obtain a melting point in an open capillary tube or between cover 
glasses on a heated block melting-point apparatus. The melting 
point of pure ferrocene was Ahead therefore, trom DTA curves 
recorded on a DuPont Model 900 Differential Thermal Analyzer using 
U.S.P. Melting Point Reference Standards sulfapyridine 
(m.p. 191-3°C) and sulfanilamide (m.p. 164.5-165.5°C). The 


samples were measured using glass beads as the reference, 


a temperature rate of increase of 15C° per minute, and a 
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sensitivity of 0.5C° per inch in the recorder. Endothermic 
changes at the melting points were very sharp for the ferrocene 


samples and slightly more drawn out for the two standards. 
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Results and Discussion 


Weight titrations. Preliminary titrations of ferrocene 
with copper(II) in acetonitrile were performed on the Metrohm 
automatic recording titrator. The end points can be selected 
to no better than abouta part per thousand with this instrument, 
however, and measurements of volume are subject to the large 
temperature coefficient of expansion of acetonitrile. Therefore, 
weight titrations were used to obtain more precise results. 
Increased precision was also obtained by using a solution of the 
titrant diluted tenfold by weight in the region of the potential 
Dreakee ine treacetionebe tween arerrocene Tandicopper (Ll) yin 
acetonrurrleyisirapidy andtpotentnal driit fduringntitrations 
useneciteib lesmiehowever potentials takesgis toj30,seconds to 
stabilize through the equivalence aecine Fecrons Go7 > pt Oe4 Jean 
vs. the silver reference. 

The copper(II) in acetonitrile titrant was standardized 
against aqueous EDTA by weight titration. This method was 
chosen despite the fact that routine standardizations of 
copper(II) with aqueous EDTA solutions were considered 
undesirable because the standardization is a complexing reaction 
in water instead of electron-transfer reaction in acetonitrile. 
In using this procedure the assumption was made that solutions 


of copper(II) in pure acetonitrile react with the same 
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Stoichiometry in titrations of ferrocene as in aqueous 
titrations with EDTA. The aqueous EDTA solutions were in turn 
Standardized by weight titrations of weighed aliquots of 
standard aqueous copper(II) nitrate solutions prepared from 
analyzed copper wire. The purity of the copper wire was found 
to be 99.957+0.005% (Table III). Buoyancy corrections were 
made for all weighings (Appendix B). The results of three sets 
of titrations show that weight titrations of pure ferrocene 
(recrystallized twice, then sublimed) with copper(II) agree 
within 0.3 part per thousand relative with the standardization 
of copper(II) by weight titration with aqueous EDTA (Table IV). 
Mheretore, the assumption that copper(!I1) an’ acetonitrile has 
thegsame stoichiometry in titrations withpferrocene in pure 
acetonitrile and with EDTA in water appears valid. 

Samples of ferrocene dissolved in acetonitrile show no 
evidence of air oxidation at the 0.1 part per thousand relative 
beveleatler, Stirring in air for 40 minutes, sosprotection orsthe 
Solutions trom air before or during the titration is unnecessary. 

Copper(II) solutions prepared from hydrated copper(II) 
perchlorate synthesized in the laboratory gave slightly more drawn 
out titration curves for ferrocene than solutions prepared from 
commercial hydrated copper(II) perchlorate. An analysis of the 
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commercial material for perchlorate’’ showed that it contained 


about 2.7 moles of perchlorate per mole of copper(II). It was 
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Taper ne. Analysis of Copper Wire used for 


Weight of 
Wire Taken, 


Standardization or EDTA Solutions 


Weight of Copper 


Weight of Copper Remaining in 
Deposited Electrolyte, Determined 
Blectrolytically, DysreL ira C2 One vwiccD) ae 
g EDTA mg Purity, 
5.0013 teal D920 G2 
320007 0.8 99.954 
4.9995 OM 99.954 
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Table IV. Concentration of Copper(II) in Acetonitrile ‘as 


Determined with Ferrocene and EDTA# 


Copper(1I1) Concentration 


[EDTA Webyelerrocens maEyaEDIN 





eee wil 0.031026 0.028745 0.028780 

O03102 7 0.028755 0.028762 

O05 L025 0.028766 0.028751 

ros 0.028746 

Av. 0.031026 0.028755 0.028760 
Re lwotd Sev. p.p. 0.03 0.4 ‘Dheses) 

Seta! 0.030047 0.028781 OS 028755 

0.030051 0.028781 0.028782 

0.030052 0.028789 0.028778 

0.030047 0.028785 0.028804 

0.030050 0.028776 0.028784 

0.028766 O202e 727 

Av. 0.030049 0.028780 0.028788 
Reimeotd sever psp. 0.08 O53 0.8 

Seta lit 0.030056 OF O26Tt1 OROZ SITY 

0.030060 0.028118 0.028140 

0.030058 O202cS 125 0.028120 

0.030051 07028125 ONOZ125 

Av. 0.030056 0.028120 0.028125 
Reltastd:t Devas pe pis ts OMS OF2 0.4 





4411 concentrations expressed in units of millimoles 


of substance per g of solution. 
EDTA concentration determined by weight titration of 


standard aqueous copper(II) solutions. 
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assumed that the excess 0.7 moles of perchlorate per mole of 
copper(II) was present as perchloric acid, which would decrease 
hydrolysis of the copper(II) in acetonitrile solution and 
thereby sharpen the potential break in the copper(II)-ferrocene 
titration. "ine addveion=oer lml*ore72%* perch loriceaci dper 
liter of 0.03 molal copper(II) titrant prepared from laboratory 
synthesized copper(II) perchlorate improved the sharpness of 
the potential=breaks *but*affeeted the stability of ‘the’ potential 
near the end point by making the’ ferricenium ion susceptible’ to 
further oxidation. Qualitative spectrophotometric measurements 
Onesolutionse Of terri Cenium ion inYpurevacetoni tri levindicated 
that ferricenium ion decomposes slowly to ferrocene and other 
products that were not identified; the addition of water stopped 
this decomposition. Also, added water lowered the E°' of the 
ferrocene-ferricenium couple in acetonitrile. Thus water 
appears *towinteract with ferricenium*ion. A combination of 
0.01M perchloric acid in the titrant plus 0.2M water in the 
solution being titrated gave sharp potential breaks and stable 
potentials, and was used in all ferrocene-copper(II) weight 
titrations where pure acetonitrile was employed as the solvent. 
Technical grade acetonitrile contains sufficient water to stabilize 
the ferricenium ion. Higher concentrations of water in the 
copper(II) ferrocene titration gave smaller and more drawn out 


potential breaks, but did not affect the copper(1I)-ferrocene 
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stoichiometry (Figure. IV-B). Since the above combination of 
acid and water gave satisfactory results, no further study was 
carried out of the effects of varying concentrations of water 
and perchloric acid on the copper(II)-ferrocene titration. 
Points to consider in using ferrocene as a primary 
standard for copper(II) in pure acetonitrile under conventional 
conditions are: (1) the temperature coefficient of expansion 
for acetonitrile affects volumetric measurements, the relative 
volume change being about 1.4 parts per thousand per degree C 
at 25°C; (2) the high vapor pressure of acetonitrile increases 
the concentration of copper(II) solutions through solvent 
volatilization and (3) the volatility of ferrocene itself is 
such that a loss of about one part per thousand occurs in six 
to seven hours in an open container. None of these points 
constitutes a serious disadvantage at the part per thousand 


level if adequate precautions are taken. 


Purification procedures for ferrocene. Commercial 


ferrocene was purified by recrystallization and sublimation. 

It was found that concentrations of copper(II) obtained by 
weight titrations with copper(II) in pure acetonitrile of 
commercial ferrocene recrystallized twice, then sublimed (pure 
ferrocene), differed negligibly from values obtained by weight 
titrations with aqueous EDTA (Table IV). The purity of samples 


of ferrocene, obtained by various combinations of 
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recrystallization and sublimation, based on weight titrations 
in acetonitrile by copper(II) whichwas standardized against 
aqueous EDTA, is shown in Table V. 

The results suggested that the recrystallized material 
might contain some heptane solvent that is eliminated upon 
sublimation. Mass spectroscopic measurements on pure ferrocene, 
twice-recrystallized ferrocene, heptane, and commercial 
ferrocene did not, however, provide conclusive evidence for the 
Puesence oreheptane inv thesrécrystallized material. 

It was also considered that sublimation alone did not 
yield a pure product because commercial ferrocene might contain 
an impurity that would sublime along with ferrocene, but 
would be removed by recrystallization. Comparison of mass 
Spectras0recublamed and commercial ferrocene indicated that 
methylferrocene was present in commercial ferrocene to the 
CxeciusOlsaDOUL wap per Cent,abut was  notepresenc inethe sublimed 
material. Methylferrocene could not be detected by mass 
spectroscopy in twice-recrystallized or pure ferrocene. 

When commercial ferrocene was dissolved in heptane, 
insoluble, paramagnetic black particles were found clinging tothe 
Magnetic. stirring bar. Since ferrocene 1s diamagnetic, 
commercial ferrocene contains in addition to methylferrocene a 
small amount of paramagnetic iron-containing impurity. Further 


identification of the impurities was not attempted. 
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Table Vo Comparzason of Procedures for 


Purification of Ferrocene 








Relative 
Purity Found Number Standard 
By Copper(II)* of Deviation, 
Procedure Titration, % Titrations Rape e. 
ASP recei Vea IS hescealh 3 Shes 
1 Recrystallization? 99.50 5 whee 
1 Recrystallization 99,82 3 0.5 
2ehec  VStaliazZatlons Se Meastese 4 Ore 
3 Recrystallizations oS cil # OFZ 
1 Sublimation Soro 5 Of2 
2 Sublimations so esl) 4 0.0 
IPRecrystallizavi on 
and 1 sublimation Ooo 2 Oe 
2 Recrystallizations 
and 1 sublimation TUCRUZ 13 O35 
2 Recrystal lizations 
and 2 sublimations 1005 02 4 O35 





@concentration determined by titration with aqueous 
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| From technical grade acetonitrile; remainder from 


heptane. 
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Stability and hygroscopicity. Commercial ferrocene 
recrystallized twice from heptane was divided into three portions. 
Samples of the first portion were titrated by weight with 
copper(II) in acetonitrile. The second portion was stored in 
a brown bottle at room temperature and the third portion was 
stored at room temperature in an open container in a desiccator 
containing a saturated aqueous solution of sodium sulfate”. 

The relative humidity in the desiccator ranged from 91 to 93% 

as measured by a Taylor Humidiguide hygrometer. After six 
months, samples of the second and third portions were titrated 
by weight with copper(II) in acetonitrile. Twice-recrystallized, 
sublimed ferrocene was used to standardize the copper(II) titrant 
in each case. Each portion was titrated three or more times and 
hadyasrehative! standard) deviation of jess than 0.3tparts per 
EnoOusandeee Inesresults ror “the three portions agreed within 

O.2 partsepereithousand. ~Onithesbasispofsathesegresults ferrocene 
appears to be nonhygroscopic and stable on storage at room 
temperature in humidities up to at least 90%. It appears also 
to be stable on long term exposure to typical laboratory 


illumination. 


Technical gerade acetonitrile as solvent for ferrocene 
‘titrations with copper(II). To assess the effects of impurities 
present in technical grade acetonitrile on the stoichiometry of 


the copper(II)-ferrocene reaction, two different shipments of 
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acetonitrile were used as received to prepare the copper(II) 
titrant and to dissolve samples of pure ferrocene for titration. 
In one case the concentration of copper(II) as determined by 
several weight titrations of pure ferrocene was five parts per 
thousand, and in the other, three parts per thousand, lower 
than that found by weight titrations with EDTA. 

It was first thought that impurities in the 50-ml volume 
of acetonitrile used to dissolve the samples of ferrocene in 
the potentiometric weight titration caused the difference in 
the concentrations* of copper (11), "since this volume “of 
aCeLOlierlie 4s’ nNoteused im the titration *by aqueous MEDIA. 
However, the addition of technical grade acetonitrile in amounts 
Lancing from, 45-0 S100) mis*to the werghed ‘aliquots of copper(I) 
trtrantetaken “for the weieht titrations with EDTA did not affect 
thewresultst 

Two other modes "Of anterierence were considered. = ihe 
first was that an impurity in the technical grade solvent was 
oxidized by copper(II), so that additional copper(II) titrant 
Was) requrred sin thertitratron Of rerrocene. FOr tito error to 
appear, the copper(I) formed by oxidation of the impurity would 
have to be quantitatively complexed by EDTA under the conditions 
used, That the titration of copper(I) by EDTA is quantitative 
was confirmed by titrations of tetrakis (acetonitrile) copper(I) 


perchlorate that had been dissolved in acetonitrile and treated 
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by the same procedure as the copper(II) in acetonitrile aliquot 
taken for the titration by EDTA. 

Copper(I) has an absorptivity of about 1.9 x 104 
liter/mole-cm at 206 my. Therefore ultraviolet spectrophotometry 
was considered as a way to detect copper(I) in technical grade 
acetonitrile to which copper(II) had been added. However, 
impurities in the technical grade acetonitrile absorb so 
strongly in the 205 to 220 mp region that this method is not 
applicable. 

The second mode of interference considered was that an 
impurity in the technical grade solvent complexed a portion of 
the copper(II) and prevented oxidation of ferrocene by this 
DOLELON se elliy Liisecase ealSO,= additional copper(I) titrant would 
DomtedtmLecstOsUiLGaLemLlomler LOCeNCe sie CONplOXil d simDpULULY Ot 
this kind would have to have a formation constant in water of 
a magnitude that would allow murexide and EDTA to displace it 
Lromacopper (lj) alieorder tO NOt, anterrere Wits tne ti enatton OL 
coOpper(ii) by aqueous EDTA’ 

For either of the above described interferences, the 
impurity would interfere to only a slight extent. Its 
concentration in technical grade acetonitrile, assuming complete 
1:1 interaction with copper(II), would be only about 2 to 
3 x 10°>M. Pure and technical grade acetonitrile were examined 


by mass, ultraviolet, visible, infrared, and nuclear magnetic 
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resonance spectroscopy in a search for an impurity that could be 
responsible for the titration discrepancy. The only difference 
between pure and technical grade acetonitrile detected by the above 
analytical procedures was in the ultraviolet spectra, where an 
absorbance of 2.0 in the 205 to 220 my region was. found for 
technical grade acetonitrile vs. an absorbance of less than 0.1 

for the pure solvent in the same range. 

The impurities reported to be present in technical grade 
acetonitrile are acrylonitrile, acetic acid, acetamide, ammonia, 
and ammonium acetate, Technical grade acetonitrile on dilution 
Withspure, acetonitrile gives an ultraviolet spectrum similar to 
thateooserved when acrylonitrile is added to pure acetonitrile: 
The molar absorbtivity of acrylonitrile in acetonitrile could 
NOLwDeudeteamined: DeCaise the absorption peak tell near the 
instrument cut-off and did not obey Beer's law. Beer's law also 
was not obeyed in this wavelength region when technical grade 
acetonitrile was diluted with pure solvent. Assuming the 
absorbance between 205 and 220 mu for technical grade acetonitrile 
to be due only to acrylonitrile, the estimated concentration 
present in technical grade acetonitrile is about 0.01 to 0.02M. 

A more accurate value for the concentration of acrylonitrile 
in technical grade acetonitrile was obtained by the sodium 
Dasuliite method’. A concentration of 0.00740.002M was found. 


This is in general agreement with the spectrophotometric 


estimate. Therefore, the ultraviolet absorbing impurity in 
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technical grade acetonitrile appears to be predominately 
acrylonitrile. Weight titrations of ferrocene with copper(II) 
in pure acetonitrile were not affected by 

0.2M acrylonitrile in the titration solution at the end point, 
SOsacry Loni tr lewis notethe impurity affecting the copper(II) 
stoichiometry. 

To check the effect of the other possible interferences, 
quantities of each were added separately to portions of 
technical grade acetonitrile, and these solutions used to 
dissolve samples of pure ferrocene in a series of titrations 
with copper(II) on the automatic recording titrator (Table VI). 
Puresferrocene dissolved in untreated?technical grade 
acetoultrije; was used to standardize the titrant. To compare 
the results with weight titrations in technical grade 
aceconi eriien0. 1) essamples vor ferrocene were used. This 
Tesulecdmiledie errOr an end point selection of two to four parts 
per thousand because of the small volume of titrant required; 
however, this was considered acceptable for survey work. The 
results show that acetamide and acetic acid do not affect the 
copper (I1I)-ferrocene titration at concentrations of 0.07M. This 
level is much larger than that expected in technical grade 
acetonitrile for either acetamide or acetic acid??. Ammonia 


and ammonium acetate affect the copper(II)-ferrocene titration 


appreciably at 0.013 and 0.031M levels, respectively, but 
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TABLE VI. “Effect of Possible Interfering Substances on the 
‘Titratrongon rerrocens=witn Copper(11y" im 


Technical Grade Acetonitrile 





Relative 
Concentration at Titration 
Added Substance End Point, mM ELLOLC Ds Dat. 
Acetamide 68 Pz0 
Acetro’acid 15 0 
-Acéetievacid 73 0 
Ammonia OFS 0 
Ammonia 120 0 
Ammonia 13 370 
Ammonium acetate Oh) 0 
Ammonium acetate Lan 0 
Ammonium acetate St 1500 
Ammonium perchlorate | 15 0 
Lithium acetate med bl 0 
Lithium acetate 1.4 =) 
Lithium acetate 19 450 
Potassium cyanide RZ 13 
Potassium cyanide Zuo 37 
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apparently not at about 0.001M. Titrations with ammonium 
perchlorate present show that ammonium ion does not affect the 
titration at 0.15M, while a titration in the presence of 0.019M 
lithium acetate shows that acetate ion will affect the titration 
at this concentration but not greatly at 0.001M These results 
show that ammonium acetate might affect the titration as ammonia 
Ompacetate 10nsatyrelatively high concentrations, but not as 
ammonium ion or acetic acid. 

The procedure used for the synthesis of technical grade 
acetonitrile is not given by Matheson, Coleman, and Bell. One 
SourcesOmaacetonitri lenis) asea by-product Jof «acrylonitrile 
synthesis~?. In” thesproduction.of acrylonitrile from propylene, 
ammonia, and oxygen, the principle by-products are hydrogen 
cyanide and acetonitrile®, The product by this synthesis 
Containseacrylonitruie, Jacetonitrile, gand hydrogen cyanide in 
CNeCEDLOPOLL 1 One oel lt oe cespectivedy. .lheretore, although 
hydrogen cyanide generally has not been reported as an impurity 
in technical grade acetonitrile, its presence iS possible, and 
accordingly the effect of added cyanide on the ferrocene- 
copper(II) titration was assessed. Cyanide, added to acetonitrile 
as potassium cyanide rather than as hydrogen cyanide (for safety 
and convenience), interfered in the copper(II)-ferrocene 


titration at. levels of 0.001 to 0.002M (Table VI). 


More precise data on the extent of interference by ammonia, 
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ammonium acetate, and cyanide were obtained by weight titrations 
Of ferrocene with copper(I) in pure acetonitrile. The conditions 
employed were the same as previously described. In alternate 
titrations one of the contaminants was added to the titration solution; 
intervening titrations were used to standardize the copper(II) 
titrant. No effect on the copper(II)-ferrocene titration was 

seen at concentrations of 0.001M for ammonia and 0.0015M for 
ammonium acetate. However, at concentrations of 0.012M for 
ammonia and 0.010M for ammonium acetate, a relative titration 
error of about 400 and 800 parts per thousand was introduced 

and the potential in both titrations showed considerable 

downward drift. Near the end point, addition of approximately 
one-half ml portions of 0.03 molal titrant caused the potential 
COmrrt Semel i ce OMOVeTEsUOMMVEVS cic silver -reterence,. tien 

fall to below 300 mV during the tian MinNUutCesS..) Mee pocentaal 
became stable after about 5 minutes. Because the determination 

of the exact end point by dropwise titrant addition was too 

time consuming, the end point was estimated in the following 

way. Titrant was added until a stable potential past the 
end-point potential in a normal weight titration (Figure IVA) 

was obtained. An estimate of the difference between this value 
and the end point potential was made by comparison with the potential 
curve of a normal weight titration. The relative error in 


end point selection by this method was estimated to be no greater 
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than 0.2%. At the end of the titration in which 0.012M ammonia 
had been added, the solution was dark brownish green in color; 
for the) titration at 0.010M ammonium acetate the solution was 
dark green. Neither solution contained a precipitate. 

Weight titrations of ferrocene with copper(II) in 
acetonitrile in the presence of potassium cyanide at 2.4 and 
TeBox 10° "M also displayed a downward potential drift, but not 
nearly as much as was the case with 0.012M ammonia and 0.010M 
ammonium acetate. Titrant was again added until a steady 
potential past the normal end-point potential (Figure IVA) was 
obtained and the end point was estimated as before. However, 
Tmptnesescaseseche relative exrorjinwend poirntmselectiontwas 
only about 0.02% at most because the final potential was much 
LowePethanginethesprevious tairations .withetrelative tatration 
CFLOr iaethehpresencerofd2:4 x 10° “M potassium cyanide was 8 


parts per thousand, and of 1.3 x kobe 


M, 2 parts per thousand. 
The solutions at the end of the titrations were both dark blue 
(the normal ferricenium color). 

By polarography it was determined that technical grade 


acetonitruleccontamms Lessuthanestx ‘ae 


M ammonia and less than 
0.O010M acetic acid. Attempts to obtain polarographic waves for 
0.001M ammonium acetate, in a supporting electrolyte of 0.1M 


lithium perchlorate were unsuccessful because of formation of 


a precipitate, apparently lithium acetate. Previous work 
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(Table VI) showed lithium acetate to be quite insoluble in 
acetonitrile. However, the addition of 0.1M lithium perchlorate 
to technical grade acetonitrile does not give a precipitate, 
indicating from solubility product consideration that the 


ammonium acetate concentration must be below 107° 


4 


M. Using the 
method of Murthy and Viswanathan” cyanide was found to be 
abouty lex 10°" in one batch of technical grade acetonitrile. 
When ammonia, ammonium acetate and potassium cyanide 
were added in quantities sufficient to affect the weight 
titration of ferrocene by copper(II), considerable drift was 
observedvin’ the end point region.” °In all three cases it appears 
that the copper(II) reacts quickly with the small amount of 
ferrocene present near the end point, followed by a slow 
TeacuLon On theerenaining copper(ll) with the adder species, 
This might have occurred in the titrations in which smaller 
amounts of ammonia or ammonium acetate (on the order of 107 °M) 
were present if additional time to establish equilibrium had 
been allowed. However weight titrations performed in technical 
grade acetonitrile came to equilibrium near the end point as 
rapidly, as did those in pure acetonitrile. IN@titiaticns. on 
ferrocene in the presence of cyanide, potential drift near the 
end point may be caused by a slow reaction between copper (11) 
and cyanide ion, due primarily to a probable high degree of 


association for potassium cyanide in acetonitrile. 


ad 
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Topsee whether cyanide interferes. in the titration of 
copper(II) with EDTA, potassium cyanide was added to weighed 
aliquots of copper(II) in acetonitrile and weight titrations 
of the mixtures with aqueous EDTA were performed in the normal 
Way. “AC ecyanidesconcentrations0f,0.0001), 10.0005, and 0.001M 
in the weighed aliquots the results obtained were not 
Significantly different from those without added potassium 
openne Thus cyanide was shown to be the interference in 
technical srade acetonitrile, form.it affects the stoichiometry 
OG themconpen(l)terrecene reaction... but, not that of the 
copper(II)-EDTA reaction at the concentration of cyanide found 
imcechiice eoradeseccloniunile. 

Another approach toward the determination of the nature 
od the interference 1S to study the interaction between 
copper (lL) sand, possible imterfering tons) by jother techniques, 
such as polarography or ultraviolet spectroscopy. A knowledge 
of the formation constants for the association of these species 
WolULdgendble prediction of thesextent sof interterence. 
Acetonitrile purified by the Araceae of O'Donnell, Ayers, and 
Mann is reported not to be oxidized or reduced between +2.0 and 
-3.0V vs. the silver reference 12° However, polarograms of pure 
acetonitrile in this work showed anodic waves in the region of 


OL 8V vs. the silver-0.1M_sa lver nitrate reference electrode; 


this is in the potential region for the copper(II)-(1) 





x 


joiteryit_adi-né eotabretal. vbintys teeta Oee ae ee 


ality 6a ‘at? beblw eew ob innvae: ai 224704 TGA vey (iteqqon | 
ise oie dow ee bieriwedese pa (il )y<oqqon to adoupi la 


whiny wits bamiitiog ers M2 evoewes iW Ree eee Be 
rO0.G bas , 2000.0 . 1000.0) 20. ene frenineonod, 49anees ae see 
| o75y \bapketde eFiies m sjoupl le Dede iew ead ae 
Weve SoG sjomnsiw 42a wart mare ss Vi tyne SP tagte 
cate ri 4, 2H? ad oF nvode 2ew ebtgewy 2a). See 
wo tet is’ ato if 7074 ,oR% tireytaas sbive. Pedraloe?s 
wid 1S Sh w) 167 95807 2teooTiel<) reggae ae 
mint 2h io ainigerdénoines “hh te neobicner A res (LE) eae 
$i hietden: cling Luo dead ae 

: iserfter:afgui 1 atceg? viotereta: wool 
Os al sonora yates oils Se 
«PAM peisevs! gutta wc sid Gneiwl tl toe She beaeg | fits (11 js aqgqua 
GIRiwony ° in vagy 2 PEtIAN).1 (argora lee en Ase 
Sivisae wear tc) nobshtdoten ofa od) Giaktedus nod lonred oat Yo 
UMPEetTSont to sImpIxe 9A To noldethor) Silene higee 
bie. 2tav) Lispaet'0 ‘ty Suvbeoow. ont ga be Lt said alindipepA 
_ fee 4. a Apoviod pagulor..0 bogiliiea oiot don Le frones area 


. eee tt tapaack va a iar 





Se ea andes ane 





37 


reduction wave. It appears that the electrolytes used, lithium, 
sodium, and tetrabutylammonium perchlorate, all contained 
impurities that were not eliminated by recrystallization from 
water. No further polarographic work was attempted. 

Ultraviolet spectroscopy was also investigated as a 
tool for studying complexes of copper(II) and (I) in acetonitrile. 
Both species absorb strongly at 205 to 210 mu. The molar 
absorptivity for copper(II) in-pure acetonitrile is 1.44 x 10° 
liter/mole-cm at 208 mi; upon addition of water the wavelength 
of maximum absorbance shifts to lower wavelength readings and 
is accompanied by a slight increase in the molar absorptivity. 
hevabsSorpunvicy* O01 copper(l yim water 25 91, 66x 10° 
liter/mole-cm at 196 mu. The concentration of water present in 
pure wacetoni tia bewase obtained by most reported procedures 15s 
usually stated as being less than 0.001M. At che millimolar 
level water may affect the absorption spectrum of copper(II), 
since it would be present at a concentration near that of the 
copper(II). Therefore, to do quantitative work on the complexes 
of copper(II) in acetonitrile, the formation constants for 
copper(II) with water in acetonitrile would have to be determined 
and the concentration of water in pure solvent cre In 
addition it would be necessary to know the Bogee earlae 


constants for the salts of the added ions. Most cyanide, 


acetate, and ammonium salts would be expected to have appreciable 
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association. 

Qualitatively it was found that ammonia and acetamide 
both react with copper(II) in acetonitrile to give ultraviolet 
absorbing complexes. Ammonia forms several complexes, apparently 
with large formation constants, that absorb in the region of 200 
to 250 mu, and which have molar absorptivities of about 2000 
liter/mole-cm. Acetamide forms a very weak complex with 
copper(II) that has a molar absorptivity of about 4000 
liter/mole-cm at 270 mu. Apparently one or more higher order 
complexes form also, but slowly. Acetic acid showed no 
indication of complex formation. Cyanide ion forms a complex 
whose wavelength of maximum absorbance is slightly longer than 
that of copper(ii)-alone in pure acetonitrile; the molar 
aUSOLPULVLCyerseoime Lar. 

Copper (] )#ineacetonitrilevshows “spectrally no noticable 
interaction with watersyasvexpected. ihe sgultraviolet spectra 
for copper(I) with acetic acid, ammonia, and acetamide did not 
indicate formation of complexes. No Othec=species wore 
investigated with copper(I). 

For comparison, the formation constants reported in the 
literature for copper(II) and (1) in water are of, ammonia, 
copper(I) 8, = 8.7 to 11.2; copper(II) 8, = 9.3 to 15.74; 
cyanide ion, copper(I) zp = 2 Retz o-) COpper( 1) By = 25) and 
acetic acid, copper(II) 8, = 2 to 3. In nitromethane, water as 


a ligand has for copper(II) 85 = 7.5. These values indicate that 
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cyanide is a much stronger complexing reagent for copper(I) and 
(II) than the other species. 

In conclusion, this work shows that ammonia, ammonium 
acetate, acetic acid, acrylonitrile, and acetamide, the impurities 
Tepouted present inetechnical’ grade acetonitrile, are not 
Hesponsmalestorathemre lative  titrattonserror of several 
parts per thousand in the ferrocene-copper(II) reaction in 
technical grade acetonitrile. Spectral evidence indicates that 
cyanide forms a complex with copper(II) in acetonitrile. Cyanide 
has been found to be presenteinetechnicalwerade acetonitrile at a 


Ay, 


concentration of about 1 x 10 "M. The addition of potassium 


cyanide to give a concentration of 10nG 


M at the end point results 
inmamGe WatiVve stit lati On erroGeot about 2 parts per thousand in 
TilemecilTOCCie CcOppou ahi meceaCtLOolas lnererore. the sintermterence 


ipethiacmreactione in technicalverade vacetonitrile appears to be 


cyanide ion, most likely present as hydrogen cyanide. 


Other methods of analysis for ferrocene. Other methods 
Of analysis for ferrocene were reviewed in a search Tor an 
alternate method of checking its purity. “Ferrocene and its 
derivatives have been analyzed primarily by evcher (a) 
destruction of the organic cyanea followed by iron 


58-62 or (b) by direct titration with an oxidizing 


63-65 


determination 


agent in a nonaqueous solvent 


None of the destruction methods reported relative standard 
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deviations of better than two parts per thousand. . The general 


procedure was investigated therefore to determine whether higher 


62 


precision could be obtained. The method of Renger and Jenik~’, 


which used bromine-water to destory the organic portion of 
ferrocene 10] lowed by an EDTA titration of the iron with 
salicylic acid as the indictor, gave the best reported results 
and consequently was studied further. When the recommended 
Salipie size Of 2 tO 4 mp Of ferrocene was used, the welent 

of sample is known to only about 0.4 parts per thousand, and 
thererore, precisionebetter™ than this level cannot be attained. 

A sample size of 20-25 mg however, with proportional increases 
in the “other reagents, yrelds a solution volume so large that 
Seleccron oO, (tie cid poinc becomes uncertain. Also, wrth larger 
Salpies complete destruction oOo. the Organic portion of ferrocene 
becomes more difficult, and an early end point is obtained. 

Best results were obtained with photometric titrations using 

2 to 4 mg samples and a Bausch and Lomb Spectronic 20 


Spectrophotometer to detect the end point®® 


The end points were 
still several parts per thousand early, however, and had relative 
standard deviations of several parts per thousand, apparently 
because of incomplete destruction of the organic portion of 
ferrocene. This method, therefore, does not appear to be 


Satisfactory for the analysis of ferrocene ata precision Of 


better than a part per thousand. Because the direct titration 
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methods using oxidizing reagents were reported to have standard 
deviations of no better than two parts per thousand and did not 
seem to be an improvement on the copper(II) perchlorate in 
acetonitrile system, these methods were not investigated. 
Constant current coulometric titrations of ferrocene 
also were performed in acetonitrile. Copper(II) was generated 
from copper(I) perchlorate at a platinum gauze electrode. In 
pure acetonitrile the potential in the end point region dropped 
when current generation was stopped; the addition of five to 
tenidrops of water per 30 ml of solution stabilized the 
potentaalsei/inatechnical graderacetonitriles the, addition of 
water was not necessary. Most of the coulometric work was done 
in pure acetonitrileiwithawater, added since. technical, grade 
acetonitrile had been shown to introduce an error in the weight 
tetrataonspot fermocencaby) coppex(id). gPotential breaks] were 
drawn out at 0.1M copper(I) perchlorate concentrations, and the 
current efficiency appeared to be less than 100% at 0.01M 
concentrationse ofecoppen(I)E lathe bestivaluespwenes obtainedy at 
copper(I) concentrations of pponean osue however, the break was 
not sharp enough for selection of - end point with better than 
part per thousand precision, and the end points varied randomly 
Over a range of 5 to 10 parts per thousand. These results 
indicate that potentiometric end point detection in coulometric 


titrations with this cell are not precise enough for primary 


standard work. 
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CHAPTER III DETERMINATION OF FERROCENE DERIVATIVES BY OXIDATION 


WITH COPPER(II) IN TECHNICAL GRADE ACETONITRILE 
Background 


Analytical methods for determining derivatives of 
ferrocene have generally followed one of the two paths previously 
pugilinedatorererrocene:. «destruction of the organic portion 


58-62 


followed by determination of the iron present s Or direct 


oxidation of the ferrocene moiety in a nonaqueous solvent, 


USiialnveadcCe teCeactcd WwathaOneeoL several, oxidizing agentso>"©° , 


ihessolupsilatyeot terrocenecyin Water is too Low, about 2° x 1075u" 
POpmakCul beay USC. aSOlVeNnt we ine: firsteprocedure is slow and 
gives erroneous results if iron-containing impurities are 
present. [he second type involves one of several generally 
Wistopleat traces setnesmos Gause tl Omathescuappcarseto je 
potassium dichromate: in a S:l9mixture of acetic acidvand water°>, 
Although this titrant was able to oxidize ferrocene and alkyl- 
substituted ferrocenes, derivatives having a carbonyl group 
attached to one of the cyclopentadienyl rings were not directly 
titratable and had to be reduced to the corresponding alkyl 
derivatives with lithium aluminum hydride and aluminum chloride 


before titration. Also, both types of procedures report relative 


precision no better than two to three parts per thousand. 
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This chapter shows ferrocene to be a suitable standard 
forrsolutizons of copper(IT)™=perchlorate in technical gerade 
acetoni tril ceatetheupant apex sthousand relative sleved .~andgreports 
the use of this titrant for the determination of several alkyl 
and, acy buderi vatives ,or eferrocene. » Formal. reduction potentials 
for these derivatives were measured and compared with values 
obtained chronopotentiometrically by other workers. The 


derivatives are shown to be reversibly oxidized. 
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WEXperimental 


Reagents. Technical grade acetonitrile (Matheson, 
Coleman, and Bell) was either used as received or purified by 


the modified method of O'Donnell, Ayers, and Mann 1? 


described 
iiecnap ce well, 

The hydrated copper(II) perchlorate salt was synthesized 
as previously described and potassium iodide was prepared as 
before. Deionized water was used throughout. Ferrocenecarboxylic 
Scrum wo clacetyiterrocene, andely, )'=rerrocenedicarboxy lic 
acid were obtained from Aldrich Chemical Co.; acetylferrocene 
(white label) from Eastman Organic Chemicals; benzoylferrocene, 
dibenzoylferrocene, n-butylferrocene, and ferrocenealdehyde 
from Alfa Inorganics; and the n-butyryl-, amyl-, 
dimethylaminomethyl-, t-butyl-, n-butyl-, dimethyl-, and 
di-n-butyl- derivatives of ferrocene from Arapahoe Chemicals. 

All the derivatives of ferrocene were used as received. 

Ferrocene (Arapahoe Chemicals) was recrystallized twice 


from heptane and sublimed once as previously described. 


Solutions. Approximately 0.09M solutions of hydrated 
copper(II) perchlorate were prepared by dissolving portions of 


the salt in either technical grade or pure acetonitrile and 


adding 2 ml of 70% perchloric acid as described 
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before. The solutions were stored and used as previously 
described; 
Approximately 0.1M solutions of ferrocene in technical 


grade acetonitrile were stored under an atmosphere of nitrogen 


and used within two days. 


Procedures for titrations. Titrations were performed 
with the same cell arrangement as in Figure III on the automatic 
recording titrator. Titrant volumes of 10 to 13 ml were 
delivered at a constant rate of 1.7 ml per minute (slower 
through the end-point region) for potassium iodide and for all 
tiemrierroceneucdertvatives excepu, rerrocenecarpoxylic acid.” As 
temrocenecatpOxvilceactusis only slightly soluble in 
ACCUONTELLIC me omdiiesamples were» titrated at a rate of 0.1 ml 
PeLeminuLe to provide surticrent time foresreaction. ~ Again the 
titrant temperature was recorded to take into account the 
coefficient of expansion of acetonitrile??, 

About l-milliequivalent samples (except for 
ferrocenecarboxylic acid and dimethylaminoferrocene) were weighed 
into. a titration cell and dissolved in 40 to 50 ml of deacrated 
acetonitrile. Because of the low solubility of ferrocenecarboxylic 
neil 2 to 0.4-milliquivalent samples were used, while in the 
case of dimethylaminomethylferrocene about 0.2 g was taken per 


titration, the number of milliequivalents not being determinable 
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from the titration results. When pure acetonitrile was used as 
the solvent, 0.2 ml of water was added to the sample solution. 
Air oxidation was minimized by starting the titrations 
immediately upon dissolution of the samples in deaerated solvent, 
and by passing nitrogen over the surface of the solutions during 
the titrations. 

It is shown in Appendix A that the first equivalence 
point for potassium iodide is concentration dependent. The same 
Size of sample and amount of solvent were used in all titrations 
of this reagent and the end point was chosen by the parallel line 
method. This method of end point selection satisfactorily shows 
the consistency of copper(II) oxidation of potassium iodide, 
abthoughety doesenotegive the true equivalence point for the 
fivste ini lectwone mmoaiCe™ tice demmuvaulVesm On mer rOcenc=Oxldized 
by copper(II) undergo one-electron reactions, their end points 
were determined by the parallel line method also. An exception 
to the one-electron oxidation was dimethylaminomethylferrocene, 
for which two inflections at uninterpreted ratios were obtained; 
the end points for this species were also determined by the 
parallel lines method. | 

In some cases an excess of copper(II) perchlorate 
was added and the excess titrated with a solution of ferrocene 
in acetonitrile. These titrations were performed in 300-ml 


beakers using the electrode arrangement shown in Figure III and 
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an Orion digital pH meter to record the potential. The 
derivatives investigated were weighed (0.3 to 0.5 mmole) and 
excess 0.09M copper(II) in technical grade acetonitrile was 
added by means of the syringe buret of the automatic recording 
CunravOt sine ssOllutLonceWeresstirred under an atmosphere Of 
nitrogen for various lengths of time, then back titrated with a 
SOM ON sOreLerrocenesinva Calibrated s0-ml buret.. ) No 
precautions were taken against air oxidation during the 
titration. Potential breaks were not sharp in most cases; 
however, end points were easily determinable with a relative 
acciuvacy. Ofea tem Per cent. | lhe solution of ferrocene was 
standardized by titration of a standard solution of copper(II) 
immediately before use. 

Visible spectra was recorded on a Unicam SP800 B visible- 


ultraviolet spectrophotometer. 
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Results and Discussion 


ferrocene as a Standard for titrations in technical 
grade acetonitrile, Ferrocene recrystallized twice, then 
sublimed, is shown in Chapter II to be a suitable primary 
Standard for solutions of copper(II) perchlorate in pure 
acetonitrile. The purification of acetonitrile takes several 
days and therefore use of this material is inconvenient in 
routine work. When technical grade acetonitrile was used as 
the solvent, however, the titer values of solutions of 
copper(II) standardized with ferrocene were lower than those 
standardized with EDTA by three to five parts per thousand. 
It 1S shown in Chapter II that cyanide in technical grade 
acCceOnmeruleuinverieressWwithetne copper(il)—-ferrocene titration: 
Asumming that the cyanide present reacts quantitatively with 
COppertul) peltawouldsbescxpecled: torintentere, tomabours tne sesame 
extent with all copper(II) oxidation as long as similar equivalents 
of sample and volumes of solvent are used. Therefore, under these 
conditions ferrocene may be an acceptable standard for copper(II) 
solutions in technical grade acetonitrile because determmnate 
errors caused by the cyanide would cancel. In addition, the relative 
effect of cyanide in technical grade acetonitrile on this work will be 


greater in the weight titrations than in the volume titrations because 


ejncisvingos welinic 2m yo! 26 noLsebaya (li }raqgems [in dglw nem a a 
3) 


paeily tebau ,ovOlsradT cal #e Ivevioe to aqurioy ite diqume to 























aribe apcgill Bion, 2stueer 


an 
ieointoet 2) efmaratal7 set ‘fal ite & Be : ooostet 
ae ea : ee Ce oe ee a. ru : 
no nint fic iifsetergwed sn6 207TH 4h Intingsson abet 7 


emir yey fl eli Lee oad Gy Li “se fy A af ion Te 4 bomiidua 
To 


hale 
' ; Y 
yay ai ngetofavieg | )1)caydos 1) ecoliietod rot brahmage : 
ok a 
(eaover aedet allvatao feos to cotvaort meg aff .oliatineseos Lt 


ot gelyevagant ef Leiswnw eddy to sau HtOFeTeNT hae evel 
ac4e af ieglontesve albaw [Ad ingged antl tow seisuet 


ioe tn epalev teais add .seveund ,2asvied ay 


bM aa6 
=~ 

sodt net yawol row eooseusct tiv bes bbeabnese CPT pegeee : 

basavod? Toq arteq ovi? oF ooniy-veil ATS aire bes syrah te ; 


. 


shavy [xotaloe? ai obtreye tds Ti) totged? nl, meen ai wa 
polisttis saocortsi-(lijyodame 97) aohw eyivisede ol eer ieeege 
dgiw elovavetifnarp eiaket Ninety Shine gm ots vads griamueaA 


oma2 oily Sunda of azettomni ot betampes o¢ Ditwow Ff , (11) xeqqeo 7 


(if}senqoo 703 brsbheantz ai dears ith od “om onggor Ee? ie 
eee sewaood etixsiandocs oberg Laatnoes ai 


ie pete Nec eon 


: - fi: ry 
at: : sh = “oie 








7 


69 


larger amounts of copper(II) and smaller amounts of solvent are 
used in the volume titrations. Thus, the relative error in the 
amount of titrant used in the volume titrations due to the cyanide 
interference would be expected to be only about 1 to 2 parts per 
thousand. 

To check this aspect, pure ferrocene was used to 
standardize solutions of copper(II) in pure and technical grade 
acetonitrile. These titrants were then used to determine the 
equivalent weights of potassium iodide (at the first equivalence 
point only) and several derivatives of ferrocene. The results 
are shown in Table VII. Since the derivatives of ferrocene were 
analyzed as received, theix purity would not be expected to be 
100%-5 For these—titrations derivatives of ferrocene were chosen 
which had formal reduction potentials both below and above 
Ferrocene Decalsc@ies tas Deenetound thae the titer values of 
Pron Gli Lye perch lomace@ileacctongt 1! loavaricdsaccoOnding oO. the 
ease of oxidation (neglecting kinetic effects) of the compounds 
being titrated“”. Potassium iodide was included to compare the 
oxidation of a system other than that of the ferrocene moiety. 

Gomparisoneon the results in Table VII show that 
ferrocene is an adequate standard at the 1 to 2 part per thousand 
level in technical grade acetonitrile and that this solvent can 
be employed for the analysis of other compounds. Weight 


titrations were not used because the longer titration times that 
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lable Vil. Comparison of Equivalent Weights of Potassium Iodide 
and Derivatives of Ferrocene Determined by Titration with 
Copper (11) Perchlorate in Technical Grade 





Substituent 


and Pure Acetonitrile 





Technical Grade Acetonitrile 


H 

Acetyl 
n-Buty1° 

Formy 1 
1,1'-Di-n-butyl 


Potassium Podudse 


Pure Acetonitrile 
H 

Acetyl 

n-Buty1°© 

Formy 1 
1,1'-Di-n-butyl 


Potassium odie. 


186. 


228. 
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Equivalent Weight 
Group Calculated Observed 
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368 


Number of 
Determinations 
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Relative 
Standard 
Deviation 
IN| Dp. Deo. 


“potential at midpoint of titration; all potentials refer to 
Siiver-CU, Oli Sliver nitrarcuinedaceconitralemre ference clectrode, 
Used as standard. 
CAlfa Inorganics. 
dobtained from first equivalence) point: 
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were required allowed air oxidation of several of the ferrocene 
derivatives. The acyl derivatives were especially susceptible 


to air oxidation when dissolved in acetonitrile. 


Determination of derivatives of ferrocene. Results of 
titrations of several derivatives of ferrocene in technical 
grade acetonitrile with copper(II) are given in Table VIII, and 
some representative titration curves are shown in Figure V. 

All the derivatives determined gave similar symmetrical potential 
breaks with the exception of dimethylaminomethylferrocene, which 
had two distinct nonsymmetric inflections. The equivalent 
weights found are the averages of three or more titrations. 
Relative standard deviations ranged from 0.4 to 2 parts per 
thousand except for dimethylferrocene and ferrocenecarboxylic 
acid, which were 4 and 8 parts per thousand. Commercial 
dimethylferrocene appeared heterogeneous, and the slow titration 
rates for ferrocenecarboxylic acid allowed opportunity for air 
oxidation to occur to varying degrees. Most derivatives gave 
lower results if oxygen was not excluded; slow titrations also 
gave lower results in many cases, probably because some air 
OxLaation occurred. despite the use oOfen1 trogen: 

| The formal reduction potentials follow the pattern 
expected on the basis of electron withdrawing or donating 
capacity of the substituent groups. Since the reduction 


potentials of the diacetyl, dicarboxylic acid and dibenzoyl 
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Copper(11)/Ferrocene Mo1ety, Mole Katio 


Figure V. Potentiometric Titration of (A) Acetylferrocene, 


(B) Ferrocene, (C) 1,1'Di-n-Butylferrocene with Copper(II) 


Perchlorate in Acetonitrile 
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derivatives were too high to give satisfactory titration curves, 
these compounds are not determinable by this method. However, 
it was possible to obtain some qualitative results for these 
species.” sJitrations, of,1,1/)-diacetyl ferrocene indicated. that 
five moles of copper(II) were consumed per mole of compound; 

the dissolved species was easily aiveomiaized s litrat1ons sof 
1,1'-dibenzoylferrocene indicated a two-electron oxidation was 
Seteing place: Sthas: Species Wassnot asisensitive to air oxidation. 
1,1'-Dicarboxylic acid ferrocene did not give a potential break, 
but upon addition of copper(II) a slow decrease in potential 
occurred after a quick initial rise, indicating a slow reaction 
was taking place. 

Since the diacyl derivatives gave small or negligible 
potential bréaks, consideration was given to the possibility of 
differentiating the mono- and diacyl derivatives of ferrocene 
byscopper( lh) titration ~litrations.of.the mixtures benzoy1— 
and dibenzoyl-, carboxylic acid- and dicarboxylic acid-, and 
acetyl- and diacetylferrocene gave drawn-out unsymmetrical 
potential breaks and equivalent weights for the mono derivatives 
that were 5 to 10% higher than those obtained for the mono 
derivatives alone. Titrations were also performed on mixtures 
of dibutylferrocene and ferrocene, and ferrocene and 
benzoylferrocene. The first mixture gave a single inflection 


corresponding to the total of the two compounds. The second 
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gave two inflections, but the resolution was poor, and the 
results disagreed with those found for the compounds individually 
by several per cent. Ferrocene and 1,1'-dibenzoylferrocene 
gave one inflection that, though not symmetrical, was sharp 
enough to give a few parts per thousand precision and accuracy. 
t-Butyl- and benzoylferrocene gave two symmetrical potential 
breaks that permitted end point selection with precision and 
accuracy comparable to that for the individual components. 
Therefore, copper(1ll) in acetonitrile is suitable for the 
differential or total titration of selected mixtures of 
ferrocene compounds. 

Most of the potentials previously reported for these 
compounds in acetonitrile are chronopotentiometric 1/4 values 
Measured srelativeryto the) aqueous saturated calomelvelectrode 
(SCE) ©8- 70 , injlable Ville all> values have been referredatorthe 
salver-O[01Misilver nitrate in acetonitrile reference by 
subtractinon0.291V efrom:thessCck values’. Hall and Russell’! 
used a silver-0.01M silver nitrate -0.2M tetraethylammonium 
perchlorate in jacetonitrile, reference, electrode. syForscomparison 
purposes their values were converted to the silver-0.01M silver 
nitrate reference by subtracting 52mV from each. This correction 
was determined by measurement at 25°C of the potential of the 
ceil 


Ag|0.01M AgNOz, 0.2M Et4NC104||0.01M AgNOz|Ag 
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The differences in reductionpotentials among the various reports 
are probably due to variations in junction potential between the 
saturated calomel electrode and the acetonitrile solutions, to 
the presence of varying amounts of water in the solutions, or 
COs theverrect Of concentration Variations on ion activities 
in acetonitrile. 
AS can be seen from Table VIII, all the derivatives 
Of ferrocene oxidized by copper(II) were found to give 
Feversible or nearly reversible slopes at the midpoint, with 
two exceptions, ferrocenecarboxylic acid and dimethylaminomethyl- 
Perrocene.. errocenecarpoxy lic acid, due to the lengtin of 
time required tor titration, e@pparently was attected by air 
oxidation and values for dimethylaminomethylferrocene, could not be 
obtained because the stoichiometries were not determined. 
n-Butyl- and t-butylferrocene were the most pure of 
the commercial derivatives; they also appeared stable toward 
airOxtcdatr1on during titration... Ihe formyl) ecarboxy, (and 
benzoyl derivatives gave end points 5 to 25% earlier when air 
Was m10t Gxcluded. (Ihe other derivatives Showedgansecfiect, duc 
to dir oxidation of less thanilc. 
Most of the derivatives with a carbonyl functional 
group adjacent to one or both of the cyclopentadienyl rings, 
besides being more difficult to oxidize, were oxidized slowly 


past 1:1 stoichiometry. To determine whether the ferricenium 


4345 


ar es 


Ay 


ay suottry ala gnc efudndarogno: tuihew wt eeuiter aE Lb ont © 


ats coswiad [nitreray nego, wi anpisariiv oF ‘suth videdorty ot 


‘higtaeteon Sit baa shotryoote Msbiag bove mie 


enor ilo: 


io , anoigulo# oft gt tetew' to Sinem gaiyiay yo sonvestq ort. 


s»ifiites cok me settee volte tira 0n065 Yo tye» oAr oF 


otivinerete mi 

/isayinsh. ofF Lie .TPEV SldaT work nose od mms 2A - 
Vin OF rou etuyw (fl ypreqyoo ¥U ber iivixo sr2voTrs? 36 
ilstw ,JItoghin sss PF aye ote aldizisvet vireon 46 ofdiarever 


Lie betianth bee dies sLiytotynoeadoerre? goo lsqsane’ ae 


onet wat oF eub tos oll viedresemeoottel .Sxesorta® 


rte Vd betolPle ean “fonetaqge ,noizers£y 10% berinps® emkey 


ton ewes . on9d0 ign tewogsis A vida tok tevlev bite noitehixo 
henieyvereb son Stéw bolttamo fils iota GAS seisaned bonis Ido 

%o wut Guem of? atew owasoeTreaiviud+> bre ~Ix3ud-a 
benwat, sidare hermeega orle yous ; eevitevireh lgboromaes ome 
Wie =. yAoinse Ligeret off .moiietrtt gaiveh nolvebixo Ti 
ti qeieteilere 425 02/2 eratog bre eve zovisavirel tyorned 
Sab oA: qo Gewede xoy2avirob Tolse ont abutone ton 2eW 
| a ae ie 20 nade zesi to eee 
verte 2 dziw eovivevixeb aris — oe 


ak i 


ia 


aa ae 



























77 


species of these compounds could be stoichiometrically oxidized 
to further products, several of these and other derivatives were 
treated with an excess of copper(II), allowed to stand for 
varying lengths of time, then the copper(II) remaining was titrated 
with a standard solution of ferrocene in acetonitrile. Results 
are shown in Table IX. The ferrocene titrant was stored under 
nitrogen as a precaution against air oxidation; later work, 
however, showed that solutions of ferrocene in acetonitrile 
under normal atmospheric conditions had not changed in 
Pipererclacive to copper! Li) esolutionsatter S0 hours. From the 
MESUieSe Ine ales Xe terswapparent. tiateexcess copper (It)) will 
oxidize most derivatives past the one-electron oxidation seen in 
Pneetitraul ons te appears that 1) il ofrenrocenedi carboxylic acid 
PSseoniveparely Oxidized in the presence Of Excess 


COppe nel! ).. 


- -Ferrocenes as oxidation-reduction indicators. Ferrocene 
De og ee ees 2” ee oe reaae Bae 
and its derivatives show many of the properties sought in 
oxidation-reduction indicators. For example, the formal reduction 
potentials vary over a wide range, most of the derivatives are 
reversibly oxidized, and all show a color change upon oxidation 


by copper(II). However, the molar absorptivity of the 


ferricenium ion at the wavelength of maximum absorption, 617 m, is 


only slightly over 400 liter/mole-cm in pure acetonitrile (this 
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Table IX. Oxidation Ratio of Ferrocene Derivatives by Back 


Mtravloneorepxcess Coopert Lb) with 


Ferrocene in Acetonitrile 





Copper(11)/Derivative, 





Substituent Mole Ratio® Time Excess Copper(II) 
Group Added Consumed**"lete@in™Gontace, Hr: 
Benzoyl 4.6 A.5 le) 
Carboxylic acid S.2 8 dk 5 
3.4 Dogs 12 
ier e=Diacety 1 PS? Th 4 
OC ane 853 12 
ii! -Dibenzoy 1 5 Onl 4 
OF6 7.4 a2 
Iti —Dicarvoxy lictacrd™ 201 O57 iS 
4.2 On T2 
Dimethy laminomethy 1 Dats OO 2 1-5 
25 0.40 12 
Formy 1 4.7 4.6 4 
one Sow i 
H a) 1.0 LoS 
1h 8 12 12 


@calculated assuming all derivatives 100% pure. 
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compares to 340 liter/mole-cm at 617 mp in water») and that of 
benzoylferricenium ion at ifs maximum absorbance, 635 mu, is 
only about 320 liter/mole-cm. Therefore, these oxidized species 
do not absorb strongly enough in the visible region to be useful 
aseindicators. 

When water was added to the titration solutions past 
the end point, the color of the solutions did not change for the 
alkyl derivatives and ferrocene, but the monoacyl-, 
1,1'-dicarboxylic acid-, and dimethylaminomethylferrocenes 
reverted = to the color prior to titration. Water lowers’ the 
PequctLOn pOtentialyor the copper(1lj=(1) couple; and since all 
thems ieCicsmin VOlVCdsiie tien react @onsmatesreversi ple apparent Ly 
themiowersporentraiecausesathe starting material to besformed. 
1,1'Dibenzoyl- and 1,1'-diacetylferrocene gave brown colored 
SOlUCTONS Past tie end points im the titrations with copper(II) that 
did not change on addition of water. Since these species have 
high reduction potentials the addition of water would be 
expected to reverse the color change; since this was not observed, 
irreversible degradation of these species must have taken place 


during the initial oxidation. 
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' CHAPTER IV SUMMARY 


leeBy usevof wei ont “Gkeasas. the stoichiometry of 
an electron-transfer reaction in a nonaqueous solvent, the 
oxidation of ferrocene by hydrated copper(II) perchlorate in 
acetonitrile, was established with a relative accuracy and precision 
of a few parts per ten thousand. 

2. Weight titrations of aqueous copper(II) with EDTA, 
using murexide as indicator, were shown to be capable nE A relative 
DreCisi0ns0tra stew parts per ten thousand, 

3. Ferrocene was shown (a) to be obtainable at 100.0% 
purity by double recrystallization from heptane, followed by 
sublimation under vacuum, (b) to be stable and nonhygroscopic 
in air under ordinary conditions, (c) to react stoichiometrically 
and rapidly with hydrated copper(II) perchlorate in pure 
acetonitrile, and (d) to have 7 SuUtficiently large potential 
break at the equivalence point in its oxidation by copper(II) 
to allow precise determination of the end point. It also has 
the advantage of a high equivalent weight (186.04). Therefore, 
ferrocene is a satisfactory primary standard for hydrated 
copper(II) perchlorate solutions in pure acetonitrile. 

4. Comparisons of weight titrations using technical 
grade and pure acetonitrile as the solvent indicate that 


standardization of copper(II) solutions in acetonitrile by 
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aqueous titration with EDTA can be used only with pure 
acetonitrile, It is hypothesized that aqueous titrations by 
EDTA of copper(II) in acetonitrile give the total amount of 
copper present in acetonitrile, but not the amount of copper(II) 
Whivchewi ll functioneas an oxidant an acetonitrile. 
SeACTYLONTtri le, aceticeacia. ammonia, ammonium 
acetate, and acetamide, reported contaminants in technical 
grade acetonitrile, were shown not to interfere at the 
concentration normally encountered in technical grade 
JecCONMUI Cane tilcntltratlon Oleterrocene Dy copper (ll). 


Cyanide was found at a concentration of about 1 x 1074 


M in the 
technical grade acetonitrile used in this work. Cyanide added 
as potassium cyanide at 1 x 10°" levels £O pure acetLonttLrule 
Pavesaurelabive: tltratlonverron which corresponded to) that 
observed when technical grade acetonitrile was used as the solvent. 
Therefore, cyanide, most likely present as hydrogen cyanide, 
appears to be the contaminant in technical grade acetonitrile that 
interferes with copper(II) as an oxidant. 

6. Hydrated copper(II) perchlorate in technical grade 
acetonitrile was shown to be a suitable titrant for the 
determination of selected alkyl and monoacyl derivatives of 
ferrocene when pure ferrocene is used to standardize the titrant. 
These derivatives were found to be reversibly oxidized by 


copper(II), with the exception of ferrocenecarboxylic acid and 


dimethylaminomethylferrocene. 
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7. Ferrocene in acetonitrile was found to be stable 
at the part per thousand level for a few days, and can be used 


acuo Leducingaci ura CeOLemoderatomstrenctn, 
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APPENDIX A. DERIVATION OF EXPRESSIONS FOR THE CALCULATIONS 


'"OF POTENTIALS AT THE EQUIVALENCE POINTS 


Titratzon of Potassium lodide with 


Copper(II) in Acetonitrile 


The first inflection (Figure I, Chaprer 11)) is the 


Oxidation of iodide to triiodide. 


+2 


2 Com 3°17 8 sGu + 12 FP (1) 


Equation 1 can be considered to occur in two steps, oxidation 


of iodide to iodine, 

2 Cuseamno Tome 2 Guys 15 (2) 
followed by formation of triiodide. 

I>, 3. Laes Ls . (3) 


Equation 3 can be written as the sum of the two halt-reacti ons: 


515 ape 2 25, (4) 
Uc ee MG G) 


2 (15 #15 2 1g) 


To simplify all calculations, concentrations will be considered 


equal to activities and all potentials will be expressed in V vs. 
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ab equi Jabmaume tor 


Ee Eee , = - tee + 0.0591 log phos (6) 
ES 7 [13] 2 [17]2 
Rearranging 
mot At BS" q 9 
Lids 17g eeo 0591 [12] 
E = ee (7) 
2 Z [TyItt ] 
tiesvaltues orpes'))) V“andibe m Ineacetonitrele are? 
M/i 5/1, 
cat ao ai = 
E reyie O24 Cannan ee iy / ie 05396 (8) 
To solve Equation 7, Key for Equation 3 and Boye for 
Equation 5 must be known or determined. At equilibrium 
0.0591 [ 21° : 0.0591 [I] 
tae . log aE ey t ikoye) Sees (9) 
15/13 2 212 Ly 2 His 
[13] bis] 
[13] 
Be ae a #95 30.0591) 4, 3 (10) 
15/13 I3/ 2 [vei peas 
Taking values from equation 8, 
yal 
5 126 
K 2 Geemarc NU, (il) 
f° 1 


At the first equivalence point from e 
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lee) (12) 
= ei cle 
theretore, =| 1° |= [1,] = Ree *[I, |? (13) 
AlSO, at equilibrium 
DEO acl quam ey 
E°! Be og EO bia ge Se 14 
ofl p (Lala Der/1r : als We 
3 [157] 
OO BO Py RENE yey ieee (15) 
15/1 Iz7/1 2 Beer] 


SUNGELEULINGSEOuUaCLONS oF ll, lo5 and 15 into Equation 7, where 
E, is the potential at first equivalence point 


29 
0.396 + (-0.033 ) _ 0.0591 H [lee 
= Oe SRE log. —— (16) 
1 5 Saree 


hired 


tm 
I 


0.0591 = 
1 = 0.074 - 25 log [1,7] (17) 


Thus the potential at the first equivalence point is dependent on 
the concentration of triiodide present by the relation shown in 
Equations ly. 

The reaction at the second inflection of the iodide 


oxidation curve is the formation of iodine according to 


Piurertncs ken i) GH eH (18) 
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The potential at the second equivalence point is given by 


| , 3 
4 _ +2 
Ey = E°' +2 ;cyt + 0.0591 log BOE ods eosin a DeOSOU ye ates 
u u 7 I,/1z 2 -72 
[Cu | [I, ] 
(19) 
Bet or, a) he eae pad - crear he Z 
C 
= ui*/Cu Sg UE iy ue Jura (20) 
2 4 [Cut |a{ tole 


Since the overall reaction of iodide and copper(II) is 

DO es DI ee eh & lee | (21) 
then at the second equivalence point 

[Cu"] = 2[1,] (22) 
and from Equations 3, 11, and 21 


al 


107-26(1,) (23) 


ey oP See) Sey Ss rea 


In this work the concentration of iodine at the second inflection 


Wasmlarcec tian, 0 ls Moethieretfore 


[Cul 1 (one) (24) 


Substituting Equations 22 and 24 into 20 


g, - 0-801 + 0.396 , 0.0591 1, [1, ee 
2 2 4 4 


Thus the potential at the second equivalence point is dependent on the 

















N 4 
ered 
= 
- av 
7 
; « 7 7 i a ai 
2 wv 29 1ntog soatoD eg ipo bnexer off Ge intmmotog: etl a 








: : a e S@ Su 
fet} pan” ¢ ("aal- anh es a 3 
- "y Pee y..V a) 7 <i) Cu, ¢ ¢ + > 
gat BOS * = py te o\ee 
“hgh ‘ j 2 i 
tet) . 
Ee 2% 4 ‘ < : . ie ' 7 
i 24 il i a? [Pena ch ee VC. A ‘ayn? nD “= = cd v 
f< .) - te OH aq) ~~ — . a — I be 
*f- gtr a] ; . 
lteqnos Hm sb ihet 76 hgttoast |} lereve od? gonke 7 
va $ ¥ | “ . Ws a | 5 . a "® . . 7 
itiog, somale? the “beoser ead) 78 cats 
6h) Lars = (ual 


ha. 1. 2) enthesuip? word bt 


| ae. 
(eS) ae ET eI eh Po 


. o{ ‘ é 
U4 '> \ - 
L¢ Aj =” afi 


aorsoetini-lyoosee ott toc auibal bo ores tread od? dpew eb al 


7 
7Ures 
dobegila ft 10.0 nly segaed eel 


| Hh al ("aay alt 





=o. ; Pe, - a » @ - — 
. RE Sent BV hee So Reet aes 
7 : By! a4 | ss 7 


. 






> 


7 


87 


concentration of iodine present according to Equation 25. 


Titration of Thiourea with Copper(II) in Acetonitrile 


The potential at the equivalence point for the reaction, 


HN HN NH 
2 % 2 ., yi 2 
2FCutAEe 2 Cu=eSHAQ2 i cule Ge s—s—c (26) 
A / \: 
H5N HN NH, 
Zaz +2 
ey ey ote a ERA ene 0.0591 Cue ros | 
IStE Lia) = CuT*/Cu MOTTA ee log ys res (27) 
2 2 [cut }2 [Tu]? 
where Tu is thiourea and 1 tsethe disulfide, ione 
nem thevequi Valencespoint 
[cut?] = [Tu] isl Fe i] SI a (28) 
INerekOrcerquUatiOne-7 = Decomes 
0.801 + Bry +2 py 
2 0.0591 42 
E = - —— log (4[Tu ) (25) 
e.p. 2 2 : aa 


The potential at the equivalence point 15 dependent, 
therefore, on the concentration of the disulfide ion according to 


the relation shown in Equation 29. 


Titration of Hydroquinone and Quinhydrone 
by Copper (11) in Acetonitrile 


The potential at the equivalence point for the reaction, 
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OH 
prone a each «e+ eae (30) 
OH O 
PR BON et 2 et eri? Diy te Oem 900591 
Cue / Cu 2 2 
is eeane ial Kia a er z log [Hq] (31) 


where Q is quinone and HQ is hydroquinone. 

This potential is difficult to obtain precisely because the 
concentration of hydrogen ion in acetonitrile cannot be easily 
OUCaliedw: Furthermore, 1t) has been reported that in acetonitrile 
quinone is protonated after hydroquinone is oxidized = which would 
complicate the determination of Pode a Ok more... | Thespotentialeat 


thevequivalence, point for the reaction, 


es 
a) 0 aa A ae (32) 

0-H: 0 
Sees = alo koe + ——— log (2[H*]2) (33) 


assuming in solution that quinhydrone disassociates to hydroquinone 
and quinone. Again this potential would be difficult to obtain 


precisely due to the difficulties mentioned above. 
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’ APPENDIX B° BUOYANCY CORRECTIONS FOR WEIGHT TITRATIONS 
Densities 


Air. For the following calculations a value of 
0.00109 g/cc was used for the density of air. For relative 
humidities of 0 to 100%, atmospheric pressures in the range of 
685 to 710 mm of mercury”, and temperatures in the range of 20.0 
to 26.0°C, the maximum and minimum values for the ts: Of Pais 
are 0.001125 and 0.001049 ae therefore wthesincertaintya an 
the value 0.00109 due to these factors is no greater than 
0.00004 g/cc. When this uncertainty is taken into account in the 
buoyancy caleulations for*(a) the concentration of copper(11) in 
acetonitrile as determined by titration of ferrocene, (b) the 
concentration of aqueous EDTA as determined by titration of 
standard aqueous copper(II) nitrate, and (c) the concentration 
of copper(II) in acetonitrile as determined through titration 
by standard aqueous EDTA, the relative errors obtained 
willebe no Jarcer than 0.03,,0.04, and 0.05, parts sper 
thousand for the concentrations of (a), (b)>. and «(c) The 
uncertainty in the density of air due to changes in relative 
humidity, atmospheric pressure, and temperature therefore can be 
neglected since the resulting relative error in the concentrations 
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Other materials. The density of ferrocene is 
Tea 16 a) Can: the weights used in the balances are brass, for 
which a density jof 8.4 g/cc was taken. The densities of the 
solutions were determined at 25°C by pycnometer; the values 
obtained were: 0.786 g/cc for a solution of copper(II) 
perchlorate in acetonitrile containing 0.03 mmoles of copper(II) 
per g of solution; 1.0005 g/cc for an aqueous copper(II) nitrate 
solution containing 0.03 mmoles of copper(II) per g of solution; 
and 1.0011 g/cc for an aqueous EDTA solution containing 0.03 
mmoles of EDTA per g of solution. The relative standard 
deviations for these three values, based on two determinations 
each, were all less than two parts per thousand. ‘This uncertainty 
has a negligible effect on the buoyancy corrections. 


Absolute Buoyancy Correction for the Apparent Concentration 
Ore Copper Uline cel onitia lesas: Determuned 


by Titration of Ferrocene 


For all calculations, concentrations are given in units 
of mmoles of substance per gram of solution. The symbol rx“ 
ispuscderor the apparent cOlcentrati0n 01 X, thatris, the 
concentration calculated without buoyancy corrections, and Wy 
is the apparent weight of X in grams. 

The value used for the density of the balance weights is 
unimportant for overall absolute buoyancy corrections if the same 
value is used throughout. However, for completeness this factor is 
included in the calculations. In all these weighings a fraction of 


the total weight is derived from an optical scale. Since the optical 


scale is calibrated with conventional weights, it requires a buoyancy 


oe; 


x 


i} vend ore zoanited sit Gi been 27ags0oM oil, 
ry re i 17621 ar notns aun 99 \9 ba +0 “ttiensb s doidw - 
wiby sis ;199eronsyg Ww 7 <4. tc baaterieteb eréw enoisoiog 
it) noo 28 naigwiee = tet o3\g SBY.0 tOTeM benlasde ‘ 
an Som 20.9 gatebatnos Oo! ittinoteoa- af starolioreg 
1 ‘7 Li) so jo5 UOsu ph 1G Tol 29 \3 en00.1 {ao julo2 130 gE t9q 
ani nile , 4 (iLjsaagoo ta 2a! Sau c0,.0-9nimresoos no r2ulo2 
f (feingwoo woldvho Ma) he 2VOoSNpA ih 107 73a 1100.1 bna 
yrigZ avitoley ani Marhsiee TO | Tq A'TOS to eslodma 
enor bh ow? so bazad stay ooidd seeds rol enoltelveb 
toby $9 ory re ods 18g my © fies of fla erew , foe? 
i (oO. ti Tad ~ ive Bd ris os! gilgsq & aan 
Neo ii re eo ie a2 la tay a ve gne ¥r wah sjulozdA 
— r, it eS 3 fii bbs Pears 20 or re 
oa - a 3 not seis ts Va 
a — ae oe ey 
stim af of0ig exe enolvettwe vm ,amorisivviao Lia t04 
A,. : raha 4 ‘ : 
iZ] [odkeye wef! mizguies to Mig " sngtzdu2 to ealoan 30 
ona ,fi Jes .X lo moisetiesapeed Jootwyge ef tot beau Bh - 


x* bra ,@m0iyo01 709 


BsoTTSt ID Ysa oti 
























1A tSIee rads0 
- so\g ated 


yonsyord quodtiw bertuleoias wo £70 INAIOD 


-waty ni K bo tiyiew sorenye ot af 


setae, sated wit 0 yofzoeh nt Wi bai mikme a 





cease nN Aa the 


‘=ib 


shit 


correction of the same nature as these conventional weights. 


The absolute buoyancy error for the weight of ferrocene, 


ABW PLS) CEVenaby: 


Fc 
AE = Wr. (Density Of eAuT) 
Ee 
ii 1 ) 
Density of Ferrocene Density of Balance Weights 
AE A 


_ : - 
Wee - Wr. (0.00109 g/cc) (ETE Bee 8.4 g/ ce? 


> 
td 
I 


= Wp, (0.00059) 


The absolute buoyancy error for the weight of copper(II) 


perch lorace-acetonitii le solution used to titrate ferrocene, 


AE 7 LSS elven. b 
Wou-Fe ca aca 
AE = W WN eae ee 
Wou-Fe —- Cu-Fe 0.786 g/cc 8.4 g/cc 
OEW pe Weye fe (000126) 


The absolute buoyancy correction for the apparent copper(II) 


concentration as. obtained in-the titration of ferrocene by 


Copper (lly, Nees ® pels’ VENUE DY 
[Cu lke 
hed Cenvieeay = (True Concentration) - (Apparent Concentration) 
Fe 
Wre + AEw Wee 
PEG Feyamole. G of Fc/mnole 
AE tcut2y4 "Wl + AE (iW 
Fe Cu- Fe W Cu-Fec 


Cu-Fec 
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We (1 + 000059 ) Whe 
g of Fc/mmole \ & of tomnai 


AE +2 A =. 
Cu W 
La) mal een 1000126) Mee ee 
Wre : 
G of Fc /imo le? 
AE cut2]4 ee (-0.00067) 
Fe Cu-Fe 


AE rcyt2]A = [cu*?]4.(-0.00067) 


Absolute Buoyancy Correction for Apparent Concentration 
of Aqueous EDTA Determined by Titration 


of Standard Aqueous Copper(II) Nitrate 


The absolute buoyancy error for the weight of copper 


wire, 1s expressed as 


AE 
Wcou-Wire’ 


1 


1 
” = Wou-wire (0+00109 g/cc) (-p-s7ce ~ Bla g/e@) 


Weu-Wire 


AEW 5 Wou-Wire 


(-0.00001) 
Cu-Wire 


The absolute buoyancy error for the total weight of standard 


aqueous copper(il) nitrate solutiony ask is given 


Wcu-H0-Total 
by 


1 1 


AE =W GROG109 00/,cc) (ek ee ee) 
Cu-H,0-Total = “cu-H,0-Total ‘ eect Wo tcaa) See aed mt ce 


so 
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AE a (0.00095) 
Neweigo-iaeyk » GMa jel Rs 


The absolute buoyancy error for the weighed aliquots of standard 


aqueous copper(II) nitrate solution, AE ELS 
Cu-H,0-Alig 
expressed by 
AE = W : : 
W Se CoO eliqumamene 1,005: g/ce 8.4ep/eo) 


Cu-H,0-Aliq 
a aa - (0.00095 
Wou-H,0-Aligq Cu-H,0-Aliq! ) 


Nes buoy ancyecrror tom themwelont Om aqueous, EDTA used to titrate 
the weighed aliquots of standard aqueous copper(II) solution, 


AEw pu Sa Pa Vier! aby; 
EDTA-Cu-H0 


1 1 


=o Q ee 
au Melt sopeteleas usar: g/cc) (779011 g/ec 8.4 g/cc? 


NEDTA-Cu-H,,0 


Been TA Gust kG. Go caee 


The overall absolute buoyancy correction for the apparent 


concentration of aqueous EDTA, AE eprayA? is given by 
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W + AEw 


nr age cS 
g of copper/mmole 
ah +AE 
Cu-H,0-Aliq Cu-H,0-Total NCu-H,0-Total 


Cu-Wire 


(\Cu-HO-Aliq’ PW 


BE aysaggy a ree ee 


W Ne 
EDTA-Cu-H0 NEDTA-Cu-H,0 


Wcu-Wire 
cw g of copper/mole 
Se a "cu-H,0-Total 





NEDTA-Cu-H0 


0.99999 
(1.00095) (oe) A A 
Me gnge) = ge tem 


1.00096 


sErepray* = (-0.00097[EDTA]* 


Absolute Buoyancy Correction for Apparent Concentration 


of Copper(II) in Acetonitrile as Determined by 
Titration with Standard Aqueous EDTA 


The absolute buoyancy error for the weighed aliquots of 


Copper! Waineacetonicriule, US eed venevy, 


AEw or, 
Cu- AN-Alig 


. i) iL 
AE = W se CORO 0 TOS 6 JCC) erate eee pe ee 
Wou-AN-Aliq Cu-AN-Alig § q 007 SOC). CCameO. dare) CG 


AE = W #2 (0200126 
Wou-AN-Aliq Cu-AN-Aliq § ) 
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The absolute buoyancy error for the weight of aqueous EDTA used to 
titrate the weighed aliquots of copper(II) in acetonitrile, 


AE pels oiven. DY 


EDTA-Cu-AN 


1 Z 
Oa es ake = WepTA-Cu-AN (9.00109 eLCe amqni ieee 8.4 e/co 


AEy = Mopeuyap. gt alnaera) 


EDTA-Cu-AN 


The overall absolute buoyancy correction for the apparent copper(II) 


concentration as obtained by titration with BDA, OE cus) ELS 
EDTA 
given by 
A 
WepTA-Cu-AN *4EWenra_cy-an? (LEDTAL + AE pray? 
AE rcut2]4 gat—wits, tnd. wa. , eeeifod by. A. BuddkUN a 
EDTA : na 
eae Ncu-AN-Aliq 
(W ) [epta]* 
EDTA-Cu- AN 
Wou-AN-Aliq 
é 9 On 9905 2,A 
AE c,,+2]4 - ) (1.00096) (0.99903) _ Te ier ian 
[Cu "7 EDTA 1.00126 | EDTA 
+2,A 
dEtcut2yA = rma | (e001) 
“EDTA EDTA 


These calculated absolute buoyancy corrections were applied 


to the data of the weight titrations to give actual concentrations. 
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